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Featured Application: Experimental data presented in this work can be taken into consideration both
to perform numerical simulations of trains crossing tunnels and to update the reference standards.

Abstract: This works focuses on a series of experimental tests carried out to investigate overpressures
in tunnels due to train crossings. Although the above-mentioned topic is well known and also defined
in European standards, in the literature full-scale data are lacking, which are useful to validate the
numerical codes required in the certification process and are used in train structural dimensioning.
In this respect, an extensive full-scale experimental campaign was planned for observing as many
test conditions as possible, such as single passages of different trains, two train crossing, different
tests speed, and different tunnel characteristics. In detail, the understanding of the pressure wave
generation and transmission is deeply enhanced by studying the pressure evolution both on board
and at trackside, considering both single train passages or two trains crossings and having the
possibility to compare aerodynamic loads on sealed and unsealed trains. Furthermore, the position of
sensors, the speed of the train, and the initial conditions within the tunnel have been proven to be
fundamental parameters for properly estimating the pressure loads on trains.
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1. Introduction

In the last 40 years, railway transportation has changed considerably mainly thanks to the
development of High-Speed (HS) lines and trains. Driven by this trend, interest in aerodynamic effects
has grown exponentially, considering that train aerodynamic effects, on first approximation, increase
with the square of the train speed. Drag reduction, crosswind effects, head pressure pulses, effect of the
slipstream on people at trackside and on platform, pressure transients within tunnels, and the ballast
lifting phenomenon [1–5] are just some of the problems caused by the aerodynamic field surrounding
a HS train.

All the above listed topics have to be considered at the design phase and it is also necessary to
take them into account in new standards to ensure run safety. Within joint research projects among
several European institutions, significant work has been carried out over the last 20 years to develop
both standard procedures and limits gathered in the European standard EN 14067 and in the Technical
Specification for Interoperability (TSI) for both rolling stock (RST) and infrastructure (IST) [6–12].
Nevertheless, at the moment, there are still gaps and open points in standards, and further work needs
to be done, considering that in some cases there is not yet a unified standard, and each country is
progressing in its own way.
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The present work focuses on the phenomenon of overpressures in tunnel, since it represents one of
the most challenging aspects with regards to the train speed increase and the Italian line characteristics.
Thanks to the knowledge acquired over more than three years of experimental tests carried out as part
of the homologation process of the ETR1000 train (running dynamics, pantograph-catenary interaction,
aerodynamics, and infrastructure dynamics were investigated at the same time during an extensive
experimental campaign [13–17]), ad-hoc tests have been designed to study the main aerodynamic
issues that are of concern in order to increase the capacity of the Italian HS line and to highlight aspects
needing more details in current regulations.

Despite the fact that phenomenon of overpressures in tunnel is well defined in the European
standards, as well as the test procedures required to certify a new train, some aspects need further
investigation, as will be shown by experimental data presented in this work. Moreover, probably due
to both organizational difficulties and high costs of full-scale tests, there is still a lack in the literature
of full-scale data (some examples are reported in [18–26]) necessary to validate numerical codes that
are required in the certification process and are used in train structural dimensioning. In this respect,
after investigating the effects of various parameters on the measured pressure, a one-dimensional (1-D)
code (TETUN, the 1-D code developed in the AeroTRAIN project to become a European reference) was
extensively validated reproducing the numerous available experimental scenarios (single passages
of different trains, two train crossing, different tests speed, different tunnel characteristics) and some
important results are shown in this work. The research gave the opportunity to compare different
physical phenomena producing aerodynamic loads on sealed and unsealed trains, increasing the
understanding of the pressure wave generation and transmission.

1.1. The Overpressure in Tunnel Phenomenon

The effect of the interaction between the pressure field that surrounds a running train and the
air in a tunnel is the generation of pressure waves that propagate along the tunnel at sonic speed.
In particular, as can be seen in Figure 1, the entry and the exit of both train nose and train tail in
the tunnel generate four pressure waves that move along the tunnel at sonic speed. Furthermore,
the pressure inside the tunnel is also perturbed by the pressure field surrounding the train traveling at
the same speed of the train. Anytime a traveling pressure wave reaches a discontinuity (i.e., the entrance
and the exit of the tunnel, the train itself, another train in the tunnel, vent-hole, caves, etc.), it is partially
reflected, changing its travel direction and its compression/expansion characteristic, and partially
radiated [27–30]. As a result, a large number of pressure waves are generated that cross the tunnel
headed in opposite directions, which then interact with each other, producing a complex pressure field.
Depending on the tunnel wall roughness, the amplitude of a pressure wave may be reduced at faster
or slower rate, while the wavefront may become steeper. If the amplitude and the gradient of the first
pressure wave are above certain limits when it reaches the exit, it is partially radiated outside with an
audible bang (“Sonic Boom”) with consequent environmental annoyance [31–33], which gives rise to
the need to reduce speed or modify the geometries by lengthening the nose of trains or the hoods of
tunnels [34]. This issue is not the subject of the experimental tests and of this work, since it is not of
concern in Italy, at least at the moment. Two of the major factors affecting the compression effect are
the high blockage ratio and the low roughness of the track, while the Italian HS lines, as all the tunnels,
are of double ballasted track type.

In this work, the pressure variations generated by the entrance of a train in a tunnel, the so-called
Train-Tunnel Pressure Signature, will be called the Train Wave Signature (TWS). As is shown in Figure 1,
three pressure changes characterize this first part:

• ∆PN, the sudden and positive leap due to the entry of the train nose in the tunnel;
• ∆PFR, another increase in pressure with much lower slope due to the friction effects caused by the

entry of the train body into the tunnel;
• ∆PT, the sudden and negative drop generated by the entry of the train tail in the tunnel.
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Figure 1. Time-space representation of the pressure evolution within a 1640 m long tunnel crossed by 
a 200 m long train running at 250 km/h. Solid lines represent the head and tail of the train, the 
horizontal dotted line represents a sensor at 340 m from the entrance, the dashed lines represent the 
pressure waves generated by the train. 
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Once the train entered the tunnel, the pressure field around it generates another type of pressure 
variation, which moves in the tunnel with the train (Train Near-field Signature, TNS in Figure 2). The 
shape of this pressure variation is similar to the TWS, although it has an opposite sign, and the values 
of the ΔP are a bit higher due to the blockage effect of the train. 

Finally, when the train leaves the tunnel, a second TWS, similar to the first one, is generated that 
starts to move at sonic speed into the tunnel headed in the direction opposite to the train one. 

Figure 1. Time-space representation of the pressure evolution within a 1640 m long tunnel crossed by a
200 m long train running at 250 km/h. Solid lines represent the head and tail of the train, the horizontal
dotted line represents a sensor at 340 m from the entrance, the dashed lines represent the pressure
waves generated by the train.

Once the train entered the tunnel, the pressure field around it generates another type of pressure
variation, which moves in the tunnel with the train (Train Near-field Signature, TNS in Figure 2).
The shape of this pressure variation is similar to the TWS, although it has an opposite sign, and the
values of the ∆P are a bit higher due to the blockage effect of the train.Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 21 
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Figure 2. Schematic representation of TWS (Train Wave Signature) and TNS (Train Near-field Signature)
measured by the sensor of Figure 1.

Finally, when the train leaves the tunnel, a second TWS, similar to the first one, is generated that
starts to move at sonic speed into the tunnel headed in the direction opposite to the train one.



Appl. Sci. 2020, 10, 7189 4 of 20

Since the pressure waves propagate along the tunnel at sonic speed and are reflected by the
tunnel end, a train running in a tunnel meets the self-generated pressure waves several times during
its passage and, furthermore, it could intersect the pressure waves or the pressure field produced
by another train crossing the same tunnel. This superposition gives rise to strong variations in the
pressure distribution within the tunnel and around the train that are transferred into the coaches,
albeit attenuated. The internal pressure Pi depends on the external pressure Pe and the mechanism
that connects the evolution of the inner pressure with the outer one can be simplified with a differential
equation of the first order:

dPi/dt = (Pe(t) − Pi(t))/τdyn (1)

The more the train is sealed (which means the higher the time delay τdyn is), the better the
on-board comfort is. On the other hand, an increment of aerodynamic loads on the train car body due
to the strong pressure differences between inside and outside occurs. Furthermore, in case of two
trains crossing, the pressure variations acting on the trains and, consequently, on their passengers,
depend not only on the tunnel, on the trains, and on their speeds, but also on the relative time delay
between the entrances of the two trains.

1.2. The Importance of Full-Scale Experimental Tests

As previously mentioned, issues regarding the pressure variations in tunnel are well defined in
European standards. In detail, the test procedure for evaluating the pressure signature is described in
the EN 14067-1, -3, and -5, while some limits and targets are depicted in different standard, i.e.,

• The limits for the pressure signature ∆Ps [1];
• A health criterion to prevent ear damage for weaker people (young babies, ill people, specific

disease) [3];
• Basic criteria for pressure comfort on-board during tunnel crossings [7];
• Structural dimensioning for interoperability [2].

Practically, it is impossible to carry out an experimental campaign with two trains crossing in a
tunnel, testing all the possible delays and measuring the pressure along the entire tunnel length and on
the two trains. As a consequence, the above-mentioned criteria must be verified by numerical codes.
On the other hand, the validation procedure of these numerical codes by using experimental data is a
key aspect for the approval of a train and for the estimate of the maxima aerodynamic loads that a
train has to withstand.

Although the phenomenon of the overpressures in tunnel has been well known for decades,
in Europe it started to become of primary importance in the 1990s, along with the construction of
new HS lines throughout the continent. In order to study the major aerodynamic problems caused by
the increase in speed over 200 km/h, 12 institutions (eight universities and four railways companies)
from six countries came together to establish the first European project that started at the end of 1995
and ended in 1999: the TRANSAERO [35,36]. The acronym TRANSAERO stand for “TRANSient
AErodynamics for Railways system Optimisation,” in order to underline the interest of the project in
the time-dependent phenomena being studied, namely, cross-wind, train pressure pulses, and waves in
tunnels. With regards to the pressure pulses, since the remedies until then had consisted of increasing
the cross-section of tunnels dramatically and of sealing trains (both of which are very expensive),
the project gave a sharp acceleration in this area through experimental tests (both full-scale and small
scale) and numerical codes. Since then, numerous numerical calculation methods have been proposed
to try to reproduce the generation of the waves on the one hand and the evolution of the waves along
the tunnel on the other.

The typologies of numerical simulations can be divided into two mainly categories: on the one
hand the CFD [37–39] and, on the other, the 1-D codes [40–43]. CFD simulations can reproduce the
entry of the train and the consequent pressure signature or the entire passage in the tunnel being
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studied. This allows to investigate the effect of geometry changes to both the tunnel and the trains
(portals and heads shapes, vent holes, internal cavities, and many other solutions), although with very
high computational costs. On the other hand, the 1-D simulations mainly deal with the evolution
of the pressure waves within a tunnel. A mathematical model recreates the pressure waves at the
entrance, while the evolution along the tunnel is managed by the codes through the physical laws of
gas dynamics. In case of a 1-D code, the computational cost is reduced by orders of magnitude. Thus,
while the CFD can be used to optimize the geometrical characteristics of the train and tunnels at the
design stage, 1-D codes can be used to simulate the crossings between two trains investigating all
possible delays in different tunnels. Of course, like any numerical code, both codes must be validated
through experimental tests, especially the 1-D codes, since they require careful optimization of the
parameters needed to recreate the pressure signature. The data shown in the present work have been
used to set the parameters of the 1-D code called TRUNS, which is an open package made available
after the end of the AeroTRAIN project. The code behind this software (TETUN, “Train En TUNnel”)
was also used and validated during the TRANSAERO project with the name of TRANSTUN [42,44].
Many other codes exist, mainly developed by train manufacturers or infrastructure managers for
practical purposes, although few literature and documentation are available, especially as regards the
validation with full-scale data.

Contrariwise, academic contributions are available, but full-scale data for comparison are very
rare and validations using scale models is more common [28,45–53]. Under laboratory conditions, it is
possible to study the effects of the geometric characteristics on the pressure signature and the pressure
gradient pressure. Furthermore, the waves superposition and reflection, which lasts for a longer time
than the train passage, can also be investigated. In some cases, and generally with a high scale ratio
(1:70–1:200), models with simplified shapes are used since they help the development of numerical
codes by reducing the complexity of the phenomenon [54]. In other cases, the object is catapulted
in a high-molecular-weight gas to carry out test under the real Mach number conditions, even with
lower speeds [55,56]. Besides these examples, however, there are test rigs with scale models of real
trains to conduct both basic research and predictive/parametric industrial studies on most train passing
issues. Thanks to its versatility, in recent years, many institutions have built similar devices all over
the world [46,57–59] by gradually increasing the speed and reducing the scale. On the other hand,
these models suffer from the same problems faced for scale models used in wind tunnels: it is almost
impossible to reproduce the right surface roughness of both track and train and to recreate all the
details that characterize the underbody and roof regions. Moreover, the models are almost always
composed of only three cars (leading, intermediate, and tailing). All these differences make it difficult
to reproduce the second part of the pressure signature (∆PFR). Finally, the degree of sealing of the train
and the resulting τdyn cannot be reproduced with scale models.

For these reasons, although the numeric codes and the scale models are allowed by the EN
standard, it still specifies that “Full-scale test data may be the basis for train and tunnel acceptance
and homologation.” Therefore, full-scale experimental tests are the basis of the whole process [60].
However, despite their importance, not many examples of solid validations (using, for example,
different tunnels, speeds, or cross-sections) of numerical models with full-scale experimental data are
available in the literature, e.g., [23,61–63]. In addition, in the presentation of the TRUNS software of
the AeroTRAIN the results are still compared with experimental data of the TRANSAERO. Many data
might be available within train manufacturers and railway operators, however, for confidentiality
reasons, they have not been published. On the other hand, organizational difficulties combined with
high costs of full-scale tests are probably the reasons why the data collected in the TRANSAERO have
been considered as the reference for full-scale tests for the past 20 years, at least in Europe, and are
adopted as a benchmark [19,64].

This work deals with the above-presented subject: an experimental full-scale campaign has been
carried out on the Italian HS railways lines, collecting a wide database for the validation of 1-D codes.
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These data, recorded both at trackside and on-board, allow to observe the pressure evolution within
tunnels, focusing on the effect of different parameters.

2. Trackside Tests

In order to characterize the pressure signatures of different trains and to better define practical
guidelines for carrying out experimental tests, the data collected in different tunnels of the Italian HS
line will be shown. The experimental data were collected using absolute pressure transducers placed
at different positions and acquired continuously for approximately one month. The speed of the trains
was measured by two couples of photocells on both sides. Additionally, the atmospheric conditions
(pressure, temperature, and wind) were measured during the experimental campaigns using a weather
station. By comparing all the collected data, it is possible to highlight the influence of three main
parameters: the initial conditions within the tunnel, the side of the track where to place the sensors,
and the speed of the train.

2.1. Speed Influence

In this paragraph, the influence of the speed is highlighted, expanding as much as possible
the range of the considered train speed. Although in the experimental campaign there was not an
anemometer to minimize the effect of the flow, the analysis is limited to night runs, all recorded in the
same direction with a delay of more than 50 min from the previous passage. In Figure 3, the values of
the ∆Pmax (that is ∆PN + ∆Pfr), measured in eight runs, in the speed range of 220–300 km/h, are shown
and superimposed with the quadratic interpolation. The comparison shows the interpolation goodness
demonstrating that it is possible to correct the results with a wider range of speeds. Although it
might seem a foregone result, in the literature there is little experimental evidence of this behavior
on full-scale tests [26,45,65]. On the other hand, this is a very important result because it allows to
measure the pressure signature at a certain speed and then extrapolate the results to higher speeds.Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 21 
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2.2. Initial Conditions Influence

The standard EN 14067-5: 2006 [12] describes how to measure the pressure signature at a fixed
location in the tunnel. The indications provided are:
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“The tunnel should have constant cross section, no airshafts and no residual pressures waves.
Ideally there should be no initial air flow in the tunnel. However, if there is, its influence on
the measurements should be checked.”

If we focus on the second part, it is suggested that a certain dependence on the initial air flow
speed is expected, but nothing else is specified: for example, no limit criteria nor data correction
procedure are specified. Although the condition of “no initial air flow in the tunnel” may be verified
during homologation runs, the restrictive request on the flow speed may result in expensive tests,
especially if they are performed in a normal day of commercial traffic. Trains crossing a tunnel generate
an airflow that remains inside the tunnel also after their passages, adding adverse testing conditions to
the ones due to natural ventilation.

Therefore, if a dependence on airflow is admitted, an analysis has to be carried out to understand
how the initial air flow effects the pressure signature. To underline the differences due to different
initial conditions, Figure 4 shows 203 single passages in a 2700 m long tunnel of the same type of HS
train in the selected speed range 200–250 km/h, analyzing the initial residual pressures waves and
imposing a limit threshold of 20 Pa.Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 21 
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Figure 4. Superposition of 203 single train passages of the same type of HS train recorded in a 2700 m
long tunnel.

In order to highlight the differences due to different initial conditions, in Figure 5, the maximum
pressure measured ∆Pmax is reported as a function of the speed. Although the passages have been
selected considering the residual pressures waves, the dispersion of the result is quite wide, i.e., it is
about 300 Pa and it cannot be explained by the environmental condition. By way of example, in Figure 6,
two passages performed at the same speed within only two hours are reported. From the comparison,
the differences between the two histories are clearly visible, particularly as regards the ∆PN of both the
TWS and of the TNS. In the first case, the ∆PN is much bigger and the friction region has a larger slope,
while, after this first part, the two curves overlap perfectly.

In order to better understand the cause, the passages preceding those shown in Figure 6 are also
analyzed. The timetable of the four considered passages, together with their direction, is shown in
Table 1.
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Table 1. Timetable of the four passages considered in the analysis.

TIME TRAIN DIRECTION

15:06:51 ETR500 Rm-Fi
15:09:58 Train (a) Fi-Rm
17:32:13 ETR500 Fi-Rm
17:36:21 Train (b) Fi-Rm

The differences of the first part of the pressure signature can be explained by the different initial
conditions due to previous trains: in the first case, the previous train was run at opposite directions,
while in the second one, the train had the same direction as the one analyzed.

Unfortunately, in this experimental campaign it was not possible to place an anemometer inside
the tunnel and, therefore, it was not possible to directly identify the dependence of the pressure
signature on the speed of the flow within the tunnel. On the other hand, the numerical simulations
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also do not account for this effect and, consequently, 1-D codes could underestimate the real values in
case of two trains crossing.

Finally, it must be stressed that the analyses carried out were based only on the maximum pressure,
without considering the different parts ∆PN, ∆PFR, and ∆PT. However, the evaluation of these values
is subjected to other uncertainties that are beyond the results shown (identification of the changing
point between the ∆PN and the ∆PFR or the lower value of the ∆PT). The analysis is postponed until
further details will be presented in the standard for the evaluation of the different ∆P contributions.

2.3. Track Side Influence

Since in the standards there is no indication (for double track tunnels case) on the side of the
track where to place the sensors, the pressure was measured on both sides of the tunnel: on the side
of the train (at about 1 m from the lateral surface of the train) and on the opposite side (at about 6 m
from the lateral surface of the train). An example of the comparison is shown in Figure 7. As could be
expected, there are no differences in the pressure changes due to the pressure waves traveling at sonic
speed: the pressure signature and also the evolution after the train passage are not influenced by the
position of the sensor. On the other hand, the measure taken closer to the train (the TNS at 4–7 s) is
highly affected by the pressure field running with the train. In detail, during the passage of the nose,
the pressure is characterized by the typical positive and negative fluctuation, while along the train the
oscillations due to the carriages are more evident and, above all, the wake behind the train modify the
pressure evolution for about three seconds.
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Figure 7. Comparison between the pressures acquired within the tunnel on the train side and on the
opposite side.

Although the differences due to the head and the cars are quite small, they are deterministic,
since they depend on the geometry both of the nose and of the inter-car gap (they are clearly visible
even in CFD studies [38]) and they could be implemented in 1-D computational codes. On the contrary,
the wake region is characterized by high fluctuations and the pressure can vary by thousands of Pascal,
as is clearly visible in Figure 8. Furthermore, the described effect cannot be easily introduced into 1-D
software and it would also require statistical analysis. Although this is not an issue from the point of
view of the pressure comfort on board, since the high frequency oscillations are filtered by the car body,
it may generate problems with the TSI limit of 10 kPa.
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3. On-Board Tests

The interaction between a train crossing a tunnel and the complex pressure field produced by
the traveling waves was also deeply investigated through full-scale experimental tests measuring the
external and internal pressure on a sealed HS train (τdyn > 10 s) and on an unsealed conventional train
(τdyn < 1 s). The experimental results collected on-board can be used to calibrate both the parameters
of the software used for the numerical reproduction of the pressure waves in tunnel and the models
utilized for the computation of the internal pressures.

3.1. Experimental Setup

In order to study the pressure field that surrounds the train, probably the best solutions would
be to drill holes through the train surface to obtain pressure taps, as in the case of wind-tunnel tests.
Unfortunately, it was not possible to adopt this solution because of the commercial use of the trains after
the tests. Therefore, an alternative solution had to be adopted. Two fairings (visible in Figure 9) have
been designed in order to solve the issue: the thinner one (about 8 mm in height) is used to house the
pressure tap, the thicker one (about 25 mm in height), placed in a higher position, is used to house
the pressure transducer, while a tube brings the pressure from the first to the second fairing. Both the
fairings are held in a position about 2.5 m above the top of the rail by using sailing boat adhesive
tissue in order to avoid unwanted detachments and to guarantee a good durability with regards to sun
and wind pressure. Using the proposed solution, it was possible to measure the pressure distribution
along the train, as visible in Figure 10. This arrangement was validated through previous experimental
campaigns measuring also the pressure exactly on the outer wet surface of the train (in that case, it was
possible to drill a hole through the surface of the laboratory train used for the tests). The comparison
between the data acquired with and without the fairings did not show significant effects from the point
of view of both the amplitudes and the frequencies.

To measure both the external and the internal pressures, barometric sensor AMS 4711 were used.
All the sensors were individually calibrated showing an uncertainty of about 40 Pa in the pressure and
in the frequency range of interest.
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Figure 10. Schematic visualizations of the pressure tap positions along (a) the sealed train and (b) the
unsealed train.

3.1.1. Sealed Train

In order to evaluate the aerodynamic features of an HS sealed train, a test train has been equipped
on almost every coach and in many different positions with 15 absolute pressure sensors that have
been installed along the whole train, inside and outside. Figure 10 reports an overview of the positions
of the sensors: eight sensors were glued on the external surface, in the mid of five cars, while seven
sensors were placed inside the two cabs and in the mid of five cars. Pressure tight cable glands were
used for all the cable passages in order to preserve the train pressure tightness.

This HS train has a length of 200 m, a maximum commercial speed of 300 km/h, a nose length of
6 m, and a smooth and continuous external surface.

3.1.2. Unsealed Train

The unsealed train chosen for the tests is a regional train mainly used by commuters. It is
composed of a locomotive from one side, one control car on the other one and from 4 to 6 intermediate
bilevel rail cars. Although this train has a maximum speed of 160 km/h, it also runs on some sections
of the HS line characterized by an operating speed of 250 km/h. The train is 180 m long with a flat
head and separated 25 m long cars without gangways.

To estimate the aerodynamic loads acting on this kind of train during its operation on the HS
line, a type specimen of five carriages has been equipped on every coach with pressure sensors,
both absolute and differential. According to the scheme shown in Figure 10, the sensors were placed
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in correspondence of the doors of the cars at about 7.5 m from the inter-car gap. Experimental tests
were performed both with single train runs and with crossings of a HS train headed in the opposite
direction both in open field and within tunnels.

3.2. External Pressure

As the main objective, data shown in the following have to highlight on the one hand the
differences between the measurements taken at different position along the train and, on the other one,
the repeatability of the measurements performed.

3.2.1. Single Train Case

Figure 11 reports the results obtained during a crossing of a generic tunnel with a constant speed
of 250 km/h. Figure 11a shows the values acquired from all the sensors on one side in correspondence
of different carriages. The major differences can be noted during the entry of the train in the tunnel.
The sensors along the train are affected by the rise due to the friction, while this does not happen for
the sensor closest to the tail. The differences acquired in this first part remain constant throughout the
crossing of the tunnel and represent the steady pressure field identified by the TNS.
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Figure 11. Comparison between the pressure acquired (a) in different positions and (b) on different
sides of the sealed train.

Another useful and interesting comparison is the one presented by Figure 11b using sensors in
the same longitudinal position but placed on opposite sides of the train. As it can be seen, the pressure
along the whole train is equal on both sides and there are no wall effects on the sensor closer to the
tunnel wall, as it was found in [25]. This result is useful for the simulation because it demonstrates the
one-dimensionality of the phenomenon.

With regard to the repeatability of the results, six different runs, all at the nominal speed of
250 km/h and with the same direction, are superimposed in Figure 12. The differences between all the
runs are limited to about 100 Pa. This is an excellent result if account is taken on the fact that on board
is not possible to correct the pressure values with the speed of the train or of the air flow, as it can be
done with the measurements at trackside for the pressure signature. The temporal evolution of the
pressure is greatly affected by the speed of the train not only for the amplitude of the pressure waves
generated but also for the chronology of the train-waves crossings.
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Figure 12. Comparison between the pressure acquired on-board of the sealed train in the same position
in six different runs; (a) first car, (b) last car.

3.2.2. Crossing of Two Trains

By using the unsealed train, it was possible to carry out some tests crossing HS trains within a
tunnel. The crossing shown below was performed inside a very long tunnel (more than 10,000 m long)
that allows to separate the various effects isolating the crossing region without overlapping with other
pressure waves. Figure 13 shows the pressures measured by the sensor placed on the internal side with
respect to the track. The temporal evolution is very similar to that measured from the ground sensors:
in the first part it is possible to identify the TWS of the other train and, later, the TNS. Furthermore, as
was highlighted in the TRANSAERO project, it is proven that there are not many differences in the
pressure evolution during the crossings if the train is stationary or in motion. Additionally, in case of
crossing it is possible to make a comparison between the two sides of the train, as shown in Figure 14.
The differences between the TNS measured on the two sides are very similar to those shown in Figure 7.
The measurement closer to the other train is highly affected by its slipstream, more fluctuations are
visible, and the peaks due head and tail passages are more pronounced. On the other hand, no big
differences between sensors at different longitudinal positions can be highlighted.
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3.3. Inner Pressure

Up to now the pressures generated by the passage of a train in a tunnel was analyzed from the
point of view of both the track and the train, but always referring to the outside of the train. In this
section, however, the pressure changings within the two types of train will be shown.

While outside the train there are not many differences in the two cases, apart from those depending
on the speeds, inside the train the behaviors are completely different. If on the one hand the sealing
increases the comfort of the passengers, on the other the high-pressure differences between the
internal and external surfaces generate relevant loads on the structure. As regards the unsealed
trains, the external pressure is less filtered and, therefore, the on-board comfort is, in general, worse.
The advantage is that they do not have to withstand big static loads. However, the dynamic loads at a
higher frequency are not filtered and they can lead to fatigue problems over time. On the other hand,
the unsealed trains usually travel at lower speeds and, consequently, the self-generated loads are also
lower. The problem arises in the case of mixed traffic, i.e., when an unsealed train travels on a HS line
crossing HS trains.

Figure 15a reports the comparison between various inner pressures in different points of the sealed
train. It can be clearly seen that in the case of a sealed train the internal pressure is practically equal
throughout the train and the whole train is sealed with respect to the outside but not internally between
different cars. Since the small openings towards the outside are distributed throughout the train and
the pressure information travel at the speed of sound, the differences are not appreciable inside.

For comparison, an example of pressures measured inside the unsealed train is presented in
Figure 15b. As the train is less filtered, in this case the inner pressures follow the trend of the
corresponding external pressures and, since the passage from one vehicle to another is practically open
to the outside, the pressure within each vehicle is not influenced by that of other vehicles.

To highlight the differences, in Figure 16 a crossing between the unsealed train and an HS train
running at 250 km/h is considered. In this case the first order system response of the inner pressure
and the differences between different carriages are clearly visible. On the other hand, inside a car the
pressure is uniformly distributed, as proven by the sensor in the middle of the first car and the one in
the cabin.



Appl. Sci. 2020, 10, 7189 15 of 20

Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 21 

Figure 14. Comparison between the pressure acquired in different sides of the unsealed train in case 

of crossing within a tunnel. 

3.3. Inner Pressure 

Up to now the pressures generated by the passage of a train in a tunnel was analyzed from the 

point of view of both the track and the train, but always referring to the outside of the train. In this 

section, however, the pressure changings within the two types of train will be shown. 

While outside the train there are not many differences in the two cases, apart from those 

depending on the speeds, inside the train the behaviors are completely different. If on the one hand 

the sealing increases the comfort of the passengers, on the other the high-pressure differences 

between the internal and external surfaces generate relevant loads on the structure. As regards the 

unsealed trains, the external pressure is less filtered and, therefore, the on-board comfort is, in 

general, worse. The advantage is that they do not have to withstand big static loads. However, the 

dynamic loads at a higher frequency are not filtered and they can lead to fatigue problems over time. 

On the other hand, the unsealed trains usually travel at lower speeds and, consequently, the self-

generated loads are also lower. The problem arises in the case of mixed traffic, i.e., when an unsealed 

train travels on a HS line crossing HS trains. 

Figure 15a reports the comparison between various inner pressures in different points of the 

sealed train. It can be clearly seen that in the case of a sealed train the internal pressure is practically 

equal throughout the train and the whole train is sealed with respect to the outside but not internally 

between different cars. Since the small openings towards the outside are distributed throughout the 

train and the pressure information travel at the speed of sound, the differences are not appreciable 

inside. 

For comparison, an example of pressures measured inside the unsealed train is presented in 

Figure 15b. As the train is less filtered, in this case the inner pressures follow the trend of the 

corresponding external pressures and, since the passage from one vehicle to another is practically 

open to the outside, the pressure within each vehicle is not influenced by that of other vehicles. 

 

Figure 15. Comparison between the pressure acquired in different positions, outside and inside, along 

the sealed train (a) and the unsealed train (b). 

To highlight the differences, in Figure 16 a crossing between the unsealed train and an HS train 

running at 250 km/h is considered. In this case the first order system response of the inner pressure 

and the differences between different carriages are clearly visible. On the other hand, inside a car the 

Figure 15. Comparison between the pressure acquired in different positions, outside and inside, along
the sealed train (a) and the unsealed train (b).

Appl. Sci. 2020, 10, x FOR PEER REVIEW 16 of 21 

pressure is uniformly distributed, as proven by the sensor in the middle of the first car and the one 

in the cabin. 

 

 

Figure 16. Comparison between the pressure acquired in different positions along the unsealed train 

outside and inside in case of crossing within a tunnel. 

In both cases the internal pressure evolves from the external one, roughly following the first 

order system described by Equation (1) (an advanced model could be used, also considering the sign 

of the ΔP [66]). Using this model, the time constants τdyn can be estimated by means of a least squares 

method by comparing the calculated internal pressure with the measured one. 

Pressurized Trains 

To be thorough, but only for information purposes, it has to be said that the sealed trains are 

also pressurized. The HVAC (Heating, Ventilation and Air Conditioning) system is equipped with 

shutters that can open and close automatically, relying on external pressure signals. During a run in 

the open field, the shutters are opened so that the system can suck in air from outside, keeping the 

internal pressure of the train about 200–300 Pa higher than the environmental one. Then, when the 

train enters a tunnel, the shutters are closed; at this point the train is sealed and the inner pressure 

follows the outer one according to the first order system previously seen. 

An example of the behavior of the shutters during the crossing of three tunnels is shown at the 

bottom of Figure 17, while, in the upper plot, internal and external pressures are superimposed to the 

one provided by the HVAC system. The train comes from an open field section, the shutters are 

opened and the inner pressure is about 300 Pa higher than the external one. Once the train enters a 

tunnel, the pressure difference between the inner and outer pressure make the HVAC system close 

the shutters and, at this point, the train is characterized by its time constant, until the shutters are 

opened again and the pressure goes back to the initial value. 

 

 

 

Figure 16. Comparison between the pressure acquired in different positions along the unsealed train
outside and inside in case of crossing within a tunnel.

In both cases the internal pressure evolves from the external one, roughly following the first order
system described by Equation (1) (an advanced model could be used, also considering the sign of the
∆P [66]). Using this model, the time constants τdyn an be estimated by means of a least squares method
by comparing the calculated internal pressure with the measured one.

Pressurized Trains

To be thorough, but only for information purposes, it has to be said that the sealed trains are also
pressurized. The HVAC (Heating, Ventilation and Air Conditioning) system is equipped with shutters
that can open and close automatically, relying on external pressure signals. During a run in the open
field, the shutters are opened so that the system can suck in air from outside, keeping the internal
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pressure of the train about 200–300 Pa higher than the environmental one. Then, when the train enters
a tunnel, the shutters are closed; at this point the train is sealed and the inner pressure follows the
outer one according to the first order system previously seen.

An example of the behavior of the shutters during the crossing of three tunnels is shown at the
bottom of Figure 17, while, in the upper plot, internal and external pressures are superimposed to
the one provided by the HVAC system. The train comes from an open field section, the shutters are
opened and the inner pressure is about 300 Pa higher than the external one. Once the train enters a
tunnel, the pressure difference between the inner and outer pressure make the HVAC system close the
shutters and, at this point, the train is characterized by its time constant, until the shutters are opened
again and the pressure goes back to the initial value.Appl. Sci. 2020, 10, x FOR PEER REVIEW 17 of 21 
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Figure 17. Example of the behavior of the HVAC shutters of the sealed train and corresponding
pressure evolution.

4. Conclusions

This works represents a contribution to the analysis of overpressures arising when a train crosses
a tunnel. The phenomenon is one of the most challenging aspects, if an increase both in the operating
speed and in the capacity of a HS line are considered. Furthermore, it is lacking in deep validation,
even if it is codified within standards and it can be studied by means of specific tools. The possibility
to perform wide experimental campaigns on different sections of the Italian HS line by measuring
on board and at trackside and by recording data for both testing and commercial trains allowed to
better investigate the issue of tunnel overpressures and to present new applications, such as the mixed
traffic operation.

Full-scale experimental activity within the railway system is a very demanding and challenging
task since many actors are involved (infrastructure managers, trains operators, trains manufacturers)
and, as a consequence, few data are available in the literature. Moreover, few areas are usually left to
research since most of the experimental work is based on the application of standard procedures to
well confined topics. Therefore, the research field is usually limited to model scale reproductions in
laboratory test rigs. Nevertheless, this work takes advantage from the purpose to increase the Italian
HS line performance (both speed and capacity) by involving universities not only in the preliminary
feasibility study but also in the experimental validation of the project.

Thanks to the wide availability of experimental data, it is possible to highlight some criticalities
that can be summarized in two main points:
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• The initial conditions within the tunnel highly modifies the pressure signature;
• The position of the sensors is fundamental to properly estimate the pressure loads.

According to the proposed work and as future developments, existing standards should be revised
by accordingly implementing at least these aspects:

• A limit value on the flow speed or a corrective formula that also takes into account environmental
data, e.g., pressure, temperature, and density, should be defined;

• Since the 10 kPa health criterion could be exceeded for a few tenths of seconds due to fluctuations
in the wake region, deeper specifications on this topic are needed;

• To properly estimate the aerodynamic loads, the measurement of the external pressure on both
sides and the internal pressure in at least one point per car should be specified.

Based on the presented results, a new measurement campaign has been planned with the intention
of measuring the environmental parameters also in the tunnel and of finding a corrective formula for
the pressure signature. On the other hand, a new 1-D code is being developed and it will consider the
characteristics of different types of trains and the specific effects of the TNS in case of crossing.
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