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European foreword

This document (EN 14067-5:2021+AC:2023) has been prepared by Technical Committee CE C 256
“Railway applications”, the secretariat of which is held by DIN.

This European Standard shall be given the status of a national standard, ej %publlcatlon of an
id_entical text or by endorsement, at the latest by June 2022, and confli % jonal standards shall be
withdrawn at the latest by June 2022. g

Attention is drawn to the possibility that some of the of this document may be the subject of
patent rights. CEN shall not be held responsible f ying any or all such patent rights.

This document supersedes EN 1406 QAMON

This document includes th(\ dum EN 14067-5:2021/AC:2023 which corrects some formulas.
The start and finish of text introduced or altered by corrigendum is indicated in the text by tags (acl.
EN 14067, Railway applications — Aerodynamics, consists of the following parts:

— Part 1: Symbols and units;

— Part 3: Aerodynamics in tunnels;

— Part 4: Requirements and test procedures for aerodynamics on open track;

— Part 5: Requirements and test procedures for aerodynamics in tunnels;

— Part 6: Requirements and test procedures for cross wind assessment.

The results of the EU-funded research project “AeroTRAIN” (Grant Agreement No. 233985) have been
used.

The contents of the previous edition of EN 14067-5 have been integrated in this document; they have
been re-structured and extended to support the Technical Specifications for the Interoperability of the
Trans-European rail system. Requirements on conformity assessment for rolling stock were added.

This document has been prepared under a mandate given to CEN by the European Commission and the
European Free Trade Association.

Any feedback and questions on this document should be directed to the users’ national standards body.
A complete listing of these bodies can be found on the CEN website.

According to the CEN-CENELEC Internal Regulations, the national standards organisations of the
following countries are bound to implement this European Standard: Austria, Belgium, Bulgaria, Croatia,
Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland,
Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Republic of North
Macedonia, Romania, Serbia, Slovakia, Slovenia, Spain, Sweden, Switzerland, Turkey and the United
Kingdom.
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1 Scope

This document establishes aerodynamic requirements, test procedures, assessment methods and
acceptance criteria for operating rolling stock in tunnels. Aerodynamic pressure variations, loads, m{ \
pressure wave generation and further aerodynamic aspects to be expected in tunnel oper@
addressed in this document. Requirements for the aerodynamic design of rolling stock aé%m S ofthe
heavy rail system are provided. The requirements apply to heavy rail systems onl()

2 Normative references . @-’g

The following documents are referred to in the text in gu ay that some or all of their content
constitutes requirements of this document. For d erences, only the edition cited applies. For
undated references, the latest edition of the \3 document (including any amendments) applies.

EN 14067-4:2013+A1:2018, Rallwa
procedures for aerodynamics on o

ions - Aerodynamics - Part 4: Requirements and test

EN 15273 series, Railway applications — Gauges

EN 17149-1:—,1 Railway applications — Strength assessment of railway vehicle structures — Part 1:
General

[SO 8756, Air quality — Handling of temperature, pressure and humidity data
3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.
[SO and IEC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp
— IEC Electropedia: available at https://www.electropedia.org/

3.1
compression wave
approximate step increase in pressure that travels at the speed of sound

3.2
expansion wave
approximate step decrease in pressure that travels at the speed of sound

3.3

computational fluid dynamics

CFD

numerical methods of approximating and solving the formulae of fluid dynamics

1 Under preparation. Stage at time of publication: prEN 17149:2021.
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34

exceptional load

infrequent load which represents the extremal load or combination of loads for the relevant opgration
conditions, including both steady and transient load ((\E\'

Note 1 to entry:  Exceptional load is also described with the terms “static load”, “static d%@o Jor “proofload”.

[SOURCE: EN 17149-1:—1, 3.1.9; modified - “including both steady a@@& load” added]

-
3.5 . (\6—
fatigue load \1\\
frequent load or combination of loads WWeng’t e normal relevant operation conditions

[SOURCE: EN 17149-1:—1,3.1.11] , \\

3.6 ‘(\\\-Q )

steady load
load that is constant or nearly constant with time

Note 1 to entry:  These loads include the dynamic pressure due to the airflow acceleration around the front of the
train and pressure changes caused by strong side winds.

3.7
transient load
load that varies in time

Note 1 to entry:  Transient loads can be divided into three kinds:

a) loads caused by trains crossing with other trains in the open air or due to the pressure field around the
train;

b) loads caused by trains travelling alone or crossing with other trains in tunnels;
c) loads that arise due to the turbulent nature of the flow around trains.

Note 2 to entry:  Loads a) and b) are relevant for all train structures, but loads c¢) may be only relevant for some
high speed train components and are not considered in this document.

3.8

tunnel

excavation or a construction around the track provided to allow the railway to pass through, for example,
higher land, buildings or water

3.9
tunnel length
length of a tunnel is defined as the length of the fully enclosed section, measured centrally at rail level

3.10
tunnel cross-sectional area
free cross-sectional area of a tunnel not including ballast, rail, sleepers, longitudinal piping, platform

3.11
vehicle cross-sectional area
projected cross-sectional area in lengthwise direction of vehicle
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3.12
critical crossing
crossing of two trains in a tunnel leading to maximum pressure changes

Note 1 to entry:

3.13 Q@s
gauge pressure a
amount by which the pressure measured in a fluid, such as air, exceeds a:% atmosphere

3.14 G\(\\(\

fixed formation
group of rail vehicles which can only be couplqd 4 pled or assembled/disassembled (e.g. articulated
vehicles) in a workshop environment \

[SOURCE: EN 17343:2020, 3.1.6. “X\\‘\'

The terms crossing and passing are used interchangeably in this document.

00“\\

3.15

load collective

pressure spectrum

table of loads and their frequency of occurrence

4 Symbols and abbreviations

For the purposes of this document, the symbols in Table 1 below apply.
Table 1 — Symbols

tunnels

Symbol Significance Explanation or Unit
remark
As, At area of integration see Figure 12 sPa
B train/tunnel blockage ratio 5 S
) Stu
b width of vehicle see Figure 2 m
C load collective see 7.7.4.1
Ciwr train friction factor or coefficient see Formula (15)
Crtu tunnel friction factor or coefficient
Ciifecycle total load collectives in open air and in see Formula (34)

open track

Ciifecycle,front total load collectives in open air and in see 7.7.4.2
tunnels at front of train

Ciifecycle,tail total load collectives in open air and in see 7.7.4.2
tunnels at tail of train

Cn factor depending on the shape of the train see Formula (C.2)
nose and the shape of the tunnel portal

Coaycros load collective for trains meeting on the see Formula (30)
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Symbol Significance Explanation or Unit
remark .
Coa,cros; load collective for trains meeting in ((\\
segment i (.10
\ 4
Crucross load collective for passing with crossingsin | see Formuﬁeﬁ *
tunnels A\'X
Ctucross; load collective for passing with crossings inelx, o

tunnel j
Ctu,solo load collective for solo paﬁﬁq i&}g see Formula (31)

tunnel e
Ctusolo, load collectixﬂor\s‘)\‘“pa‘ssages in tunnel j
CFL CouraNtX X\ ic‘h—Levy number see 7.6.2
c speed o‘f sound m/s
Dy hydraulic diameter see Formula (16) m
dy measurement distance see Formulae (21), m
(22), (23)
Frmax maximum measured force see Figure D.4 N
g gravity m/s?
h height see Figure 2 m
hy frequency corresponding to a class of see 7.7.5
amplitudes in a rainflow matrix
ho distance from top of rail to the underside of | see Figure 2 m
the vehicle body
hc height of tunnel centre above rail level see Figure 1 m
H, H1, H2 relative humidity of air see 7.3.2 %
k S-N curve exponent see 7.7.5
ke vehicle structural rigidity factor see 7.8.2
k1 factor see Formula (12)
k; factor see Formula (12)
ks train roughness parameter see 7.3.3 m
Ln nose length of train see Figure 2 m
Lnmodel nose length of train model see 7.2.7 m
Lsection,i length of the route section i see 7.7.4.3 km
L length of train Length overall m
Lu length of tunnel m
Lucrit critical tunnel length see 7.7.3.6 m
Lu,min minimum length of a tunnel measured in see Formula (4) m

full-scale tests from entry portal
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Symbol Significance Explanation or Unit
remark
Lyirttun,j virtual length of tunnel j see Formula (37) m
‘.
Lyear,e distance travelled per year on route section | see 7.7.4.2 m!
" ¢
Ma Mach number 6»\)
Noa number of sections of open track " SE\ 29 1/a
\—
N number of cycles of reference value of h(ﬁ\ }ee 7.7.5
fatigue load
Nirainsperhour Number of trains passm%%@onary point | see 7.7.5 1/h
in one dlrectlon K
Nw total number &}unnels on a route see 7.7.4.2
Noate, calculated entry time gaps for jx tunnel see Formula (33)
Noacros,i frequency for trains crossing on the open see Formula (36)
track in route section i
Ntucros, frequency for trains crossing in the ji see Formula (38)
double track tunnel
Ntusolo, frequency of single train passages without see Formula (31)
train encounter in the ju, double track tunnel
Pey perimeter of train m
Pey, perimeter of tunnel m
p pressure see Formula (40) Pa
Deq damage-equivalent amplitude see 7.7.5 Pa
pi classified pressure amplitude see 7.7.5 Pa
pL pressure load see Formula (24) Pa
Datm atmospheric pressure Pa
pd pressure difference between external and see 7.1 Pa
internal pressure
De, Pe(t) external pressure outside of a vehicle, or see 7.1 Pa
generated by a train in a tunnel
Prullscale full-scale pressures determined from see Formula (19) Pa
Pmodelscale
pi, bi(t) internal pressure in a vehicle, or in an see 7.1 Pa
enclosed air volume in a tunnel
Prmodelscale pressures measured at model scale see Formula (19) Pa
Do reference static pressure Pa
Poftset offset pressure see Figure 10 Pa
p(t)sim pressure signal in tunnel from simulation see 7.3.4 Pa

software

10
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Symbol Significance Explanation or Unit
remark
P(t)rest pressure signal in tunnel from track test see 7.3.4 Pea(\\
.
r radius distance betwee »
tunnel exit
centr pomt of
. ‘(\‘ ,Ls 1gure C.3
Iy corner radius of the micro-pressu@“)e see Figure 2 m
reference vehicle .
N
R tunnel radius \““ see Figure 1 m
Rinodel ratio ‘tram to its model see 7.6.3.2
Seq equival%nt leakage area m?2
Ser vehicle cross-sectional area see 3.11 m?2
St tunnel cross-sectional area see 3.10 m?2
t ta, tg, ts, tr time see Figures 9 and 11 S
te difference in entry time see 7.7.3.4 S
tiife train service life see 7.7.4.2 year
t50 9% time when pressure rise is 50 % of the value | see Figure 12 S
at time ¢t
T absolute temperature K
Tt tunnel factor see Formula (A.26)
U local dominant speed (train speed or see 7.6.2 m/s
pressure wave speed)
U flow velocity in tunnel relative to train see A4 m/s
before train entry
Uo the measured air flow in a tunnel at the see 7.3.2 m/s
moment of train entry
Vir train speed m/s
Vir1 train speed see 7.7.4.3 m/s
Vir2 speed of the encountering train see 7.7.4.3 m/s
Vline,max design speed of a segment of line Maximum permitted km/h
speed in a defined
track segment. The
segment may be a
tunnel, aline or a
segment of a line.
Vir,max maximum train speed or design speed of a Maximum train speed | km/h

train

refers to train
operation.

11
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Symbol Significance Explanation or Unit
remark
If limited by «l\\
infrastructure, 0
maximum train speed 5 ‘CJ
may be lower th e
design sp \S
A
Vir,ref train reference speed ’\a km/h
- %
Vi, test train test speed . Xj\ e7.3.2 m/s
Vint internal volume of the vehicle * see 7.8.3 m3
l“‘“ N
Xa, Xn, Xir, Xt dummy variables . \\ see A.3
Xp distance bet entrance portal and m
the measuring bosition in the tunnel
X1, X2, X3 longitudinal positions on the train defined in 7.7.3.4 m
Yie track distance centre to centre m
Ah maximum altitude difference in a tunnel see 7.2.5 m
ALy additional length see7.2.2.1 m
Ap, Ap(t) differential pressure at time ¢ Pa
Apaie natural pressure variation due to altitude see Formula (9) Pa
APdmax maximum difference between internal and | see Figure D.4 Pa
external pressures
APexit amplitude of initial compression wave at the | see Formula (C.4) Pa
exit portal inside the tunnel
Apsr pressure change due to friction effects see Figure 7 Pa
caused by the entry of the main part of the
train into the tunnel
Apro pressure change due to friction effects see 7.2.4 Pa
caused by the entry of the main part of the
train into the tunnel, measured on the
exterior of a train
Apnp pressure signature caused by the passing of | see Figure 7 Pa
the train nose at the measurement position
in the tunnel
AP jimit Pressure limit values, i = N, N+fr, N+fr+T see Table 4 Pa
APmax maximum peak-to-peak pressure change on Pa
outside of train
Apn pressure change caused by the entry of the | see Figure 6 Pa
nose of the train into a tunnel
Apn,o pressure change caused by the entry of the | see 7.2.4 Pa
nose of the train into a tunnel measured on
a train on the exterior of the train
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Symbol Significance Explanation or Unit
remark .
Apr pressure change caused by the entry of the | see Figure 6 P“\\
tail of the train into a tunnel (;10
\ "4
Apr pressure change caused by the entry of the | see 7.2.4 66 * | Pa
tail of the train into a tunnel measured on \)g
the exterior of a train a
. . -
Ap1 pressure after train tail entrance \(\ ee A3.2 Pa
A
AP9s 9%, max maximimum permissible pre r&l\gnge see Formulae (21), Pa
R\ (22) and (23)
A_p y average no’s‘eﬁm\/m“ssure change see Table 4 Pa
WX .
— C
Ap i averag“hfti(}nal pressure rise see Table 4 Pa
A_p T average tail entry pressure change see Table 4 Pa
At characteristic time interval for the pressure | see Formula (C.2) S
rise
At. time increment see Formula (26) S
Axq additional distance to ensure a good see 7.2.2.2 m
temporal separation of individual pressure
variations
Eap deviation between test and simulation see 7.3.4
(e loss coefficient for tunnel portal see A.3
¢h loss coefficient of the train nose in the see A.3
tunnel
Cho loss coefficient of the train nose in the open | see A.3
air
Ch1 coefficient for additional loss of the train see A.3
nose in the tunnel
G loss coefficient of the train tail in the tunnel | see A.3
Cro loss coefficient of the train tail in the open see A.3
air
Qu coefficient for additional loss of the train tail | see A.3
in the tunnel
Q1 loss coefficient for the train see A.3
In train nose pressure loss coefficient see A4
% tunnel portal pressure loss coefficient see A4
Ir train tail pressure loss coefficient see A4
01, 6, temperature see 7.3.2 °C
Pamb ambient atmospheric air density see Formula (12) kg/m3
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Symbol Significance Explanation or Unit
remark
Do Reference air density 1,225 kg/m3 kg/mi\«.\\

‘.
0, P1LP2 air density see 7.3.2 ég@&)
p1in test scenario see 7.3.2 Qe
p2 in reference scenario da\)
Tdyn value of pressure tightness coefficient for o 5(\@3‘29 S
\

moving rail vehicles

c
Tstat value of pressure tightness C(‘)\e\w&o&“ see 7.8.1 S
static rail vehicles _ \ \\‘

Q solid angle re re@g&h‘e configuration see C.4
around the tuiﬂg portal

\d

average of the value

, (overbar)

5 Requirements on locomotives and passenger rolling stock
5.1 Limitation of pressure variations inside tunnels

5.1.1 General

When a train enters and exits a tunnel, pressure variations are generated which propagate along the
tunnel at sonic speed and are reflected back at portals into the tunnel. These pressure variations may
cause aural discomfort or, in the worst case, aural damage to train passengers and train staff and will
produce transient loads on the structure of trains and the infrastructure components.

To define a clear interface between the subsystems of rolling stock and infrastructure in the heavy rail
system, the train-induced aerodynamic pressure variations inside tunnels need to be known and limited.
In order to specify and to limit the train-induced aerodynamic pressure variations inside tunnels, two
reference cases for rolling stock assessment are defined.

5.1.2 Requirements

5.1.2.1 Reference case

For track gauges from 1435 mm to 1 668 mm inclusive, the pressure variations generated by a train
entering a simple, non-inclined tube-like tunnel, (i.e. without any shafts, etc.), are defined by pressure
signatures for two given combinations of train speed and tunnel cross-section. The latter are referred to
as the reference cases.

The pressure signature consists of three characteristic pressure variations: Apy caused by the entry of
the nose of the train into the tunnel, Aps- due to friction effects caused by the entry of the main part of the
train into the tunnel, and Apr caused by the entry of the tail of the train into the tunnel (see Figure 6).

The assessment shall be made for standard meteorological conditions: atmospheric
pressure pam = 101 325 Pa, air density pamb» = 1,225 kg/m3, temperature 6 = 15 °C with no initial air flow
in the tunnel.
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Table 2 — Maximum tunnel characteristic pressure changes, Apy, Aps- and Apy for the reference

case
Reference case Criteria for the reference cm*a
Maximum design B\ N
speed Reference Stu Apn Apn + Apfrc @vApfr + Apr
km/h Speed; Vtr,ref m?2 e ._, .
km/h ﬁ é )Q
Vtr,max < 200 NO‘regl.“m%
e~
200 < Virmax < 230 200 53,60‘\ ; 1750 <3000 <3700
230 < Virmax 250 Or Virmax 2 RN ,0 <1600 <3000 <4100
a2 The lower value of vir,max and 25‘0\k\ﬂ&b‘s}}all be applied.

o

5.1.2.2 Fixed or pre-defi)@m compositions

A fixed or pre-defined train composition, running at the reference speed in the reference case tunnel
scenario without crossing other trains shall not cause the characteristic pressure variations at a fixed
point in the tunnel to exceed the values set out in Table 2.

NOTE1 Fixed and pre-defined train compositions are described in TSI LOC&PAS 2014, 2.2.1.

For train compositions that are non-symmetrical with respect to running direction, the requirement
applies for both running directions. For assessment of symmetry see Table 4, column 1, row 1, excluding
the differences that are beneficial.

For fixed or pre-defined train compositions consisting of more than one train unit, the full assessment
shall be made for the maximum length of the train of coupled units, see 7.3.

NOTE 2  Full-scale tests provide input data for the assessment and can be carried out using shorter train
configurations, see 7.2.2.3.

5.1.2.3 Single rolling stock units fitted with a driver’s cab

A single unit fitted with a driver’s cab running as the leading vehicle at the reference speed in the
reference case tunnel scenario without crossing other trains shall not cause the characteristic pressure
variations Apy and Apr to exceed the values set out in Table 2. The pressure variation Aps- shall be set to
1250 Pa for trains with 200 km/h < viymax < 230 km/h or, respectively to 1400 Pa for trains with
Virmax > 230 km/h.

For single rolling stock units capable of bidirectional operation as a leading vehicle the requirement
applies for both running directions.

5.1.2.4 Other passenger rolling stock

Other passenger rolling stock running at the reference speed in the reference case tunnel scenario shall
not cause the characteristic pressure variations Aps: to exceed the values set out in Table 2. The pressure
variation Apy shall be set to 1750Pa and Apr shall be set to 700Pa for trains with
200 km/h < Vimax < 230 km/h or, respectively to 1 600 Paand 1 100 Pa for trains with Vi max > 230 km /h.

For passenger rolling stock that is not covered in 5.1.2.2 or 5.1.2.3, conformity shall be assessed for a
possible real train configuration, including realistic end vehicles featuring a cab, as close as possible to
400 m train length. If the vehicle might be suitable for train compositions longer than 400 m, the
maximum train length, (length of cabs plus rolling stock), shall be determined, which just meets the
criterion in Table 2. This maximum train length shall be documented in the vehicle register. See 7.3.6 for
scaling for the train length.
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5.1.3 Full conformity assessment

A full conformity assessment of rolling stock? shall be undertaken according to Table 3.

Table 3 — Methods applicable for the full conformity assessment of rolling stockp 0((\\

Full-scale tests accor&i

Maximum design speed Methods 66 -~
km/h \O

Virmax < 200 No assessment needed

Virmax = 200 Documentation of compli ing to 5.1.4 if applicable; or

anc\ANK
tﬁ .2 and Assessment according to 7.3

5.1.4 Simplified conformity assessment‘ \N\\\‘

.
A simplified conformity assessm ﬁ e carried out for rolling stock that is subject to minor design
differences by comparison with roMing stock for which a full conformity assessment already exists.

With respect to pressure variations in tunnels, the only relevant design differences are changes in
external geometry and differences in design speed and train length.

This simplified conformity assessment shall take one of the following forms in accordance with Table 4:

— astatement that the design differences have no impact on the pressure variations inside tunnels; or

— a comparative evaluation of the design differences relevant to the rolling stock for which a full

conformity assessment already exists.

Table 4 — Methods and requirements applicable for simplified conformity assessment of rolling

stock
Design differences Methods and requirements
Differences in external geometry limited to: Documentation of differences, statement of no
— reordering in a new consist examined impact and reference to an existing compliant full
coaches of the same type and/or cross- conformity assessment

section;
— minor differences in external geometry:
— wipers, handles and antennae;

— long isolated protruding objects or gaps
that are not vertical or close to the front-
side radius or edge smaller than 5 cm in
the crosswise dimensions;

— small isolated protruding objects and
gaps smaller than 5 cm in each
dimension;

— pantographs, electrical wiring and pipes;
— other roof and underfloor equipment

changes smaller than 20 cm in each
physical dimension;

2 This assessment will comply with the Railway Interoperability Directive.
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Design differences

Methods and requirements

— addition of equipment fairings greater
than 10 m downstream from the tip of
the nose;

— fittings, seals, bonded joints, handle bars,
rear view installations, surface
roughness, doors, windows, changes in
glazing, signal lights, pipes, cabling and
plugs;

— other parts with changes in lateral
dimensions smaller than 5 cm.
— differences that are beneficial:‘ \\M
— increase of nose len, ? .
— decrease of cross&ﬁa al area;

— decrease of train length.

eSS
WO
e
G

Other differences in external geometry (e.g. in
buffers, front couplers, snow ploughs, front or side
windows) keeping the basic nose shape features,
in particular the cross-sectional area and the nose
length.

Documentation of differences and reference to an
existing compliant full conformity assessment
AND

Assessment of the relative effect of differences by

— reduced-scale moving model tests according
to 7.2.7 or

— three-dimensional CFD simulations according
to EN 14067-4:2013+A1:2018, 6.1.2.4

AND evidence and documentation that

i) The difference causes changes in each of
A_pN ,A_pN +A_pfr ,and A_pN +A_pfr +A_pT , of less
than 5 %.

Apig —Ap;a

< 0,05

)

Ap; A
fori=N, N +fr, N+fr+T
NOTE Subscript B refers to the new train

geometry and subscript A refers to the existing
compliant train.

and

ii) The difference does not exceed 50 % of the
margin available on the compliance with
5.1.2,1.e.:

Apl-'B —Apl-’A <0,5- Api,limit —Apl-’A

Where values of Apjjimi, i =N, N+fr, N+fr+T, are
given in Table 2.
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Design differences Methods and requirements
Increase of: — Documentation of differences AND
— design speed; — transfer to the reference case by re-s@igfl\\
— train length. methods described in 7.3.2, 7.3.3 A;
AND S.
— evidence and documgpta %at the train
still fulfils the req ts listed in 5.1.2.
s a o
5.2 Limitation of pressure gradient entering a tunn Q/e to micro-pressure wave

generation) R
5.2.1 General . \\

.
When a high-speed train enters‘SWa compression wave is generated by the piston effect. This
compression wave propagates thrdugh the tunnel at the speed of sound in front of the train towards the
opposite portal. At the opposite portal, the wave is partly reflected back into the tunnel and partly emitted
into the environment. The emitted part is called a micro-pressure wave. If the pressure gradient of the

compression wave inside the tunnel is sufficiently large, it can cause strong audible effects on people and
the environment. Further information is to be found in Annex C.

Therefore, a definition of a reference scenario consisting of a reference train and a reference tunnel is
introduced, and the performance of the assessed train is compared to that of the reference train.

5.2.2 Requirements

5.2.2.1 General

For heavy rail vehicles with track gauges from 1 435 mm to 1 668 mm inclusive it is required to assess
the entry pressure gradient and to compare it to the one generated in the reference case.

NOTE The requirement is intended for operation on the European network. Its application to trains operating
on limited networks (e.g. no tunnels) can be reassessed.

5.2.2.2 Reference case

The reference case for the tunnel and the train is defined as follows.

The reference tunnel has a free cross-sectional area of 63 m2. It has a circular shape with a filled lower
segment as shown in Figure 1. The portal is set in a vertical wall having at least a radius of 75 m around
the tunnel centre. The train shall enter the tunnel centrally. The tunnel length shall be at least 300 m.
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a) . VQ@QNQA‘ b)

Key \' .
he height of tunnel centl@ve round

R radius

NOTE The ground level in the reference case models the top of rail when assessing a train.

Figure 1 — Reference tunnel

The reference train is based on simple geometry parameters, as shown in Figure 2. All corners are
smoothed by spheres with radius r,. The body cross-section behind the train nose, with S, =11 m?,
remains constant up to the train end. There are no bogies, pantographs or inter-car gaps. The parameters
to be used for the reference train geometry are:

b=3m,L,=4m,r,=0,75m, hp=0,25m, h=3,828 m

b L,
]
ara 0 T —
N’ N/ X/
-~ // P
TN TN ‘x// =
A T E————.
Y S /H\ 7‘\/2 /+ A
Y
/
a)
Key
b  width of train
h  height

ho distance from top of rail to the underside of the vehicle body
Ln noselength
r»  Radius

Figure 2 — Reference vehicle

The reference train shall have the same length as the assessed train. It is sufficient to model just the first
100 m of the trains.
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5.2.2.3 Rolling stock units fitted with a driver’s cab

The requirement applies to any vehicle to be operated as a leading vehicle with design speed greater than
or equal to 200 km/h, see Table 5. 0((\\

The requirement applies for each possible running direction.

Table 5 — Methods applicable for the full conformity assessment of\r(@@%cl‘(

¥ \ YAdE 4
Maximum design speed Methoé' ’g
km/h \ ‘\“
Vir,max < 200 No assessment needed 'G\
Vir,max = 200 Assessmeni ﬁw\&:ﬁ simulation or reduced scale test according
to 7.5. .
AN\

5.2.3 Simplified conformity ass‘ﬁ‘ow "

A simplified conformity assessment may be carried out for rolling stock units fitted with a driver’s cab
that are subject to minor design differences by comparison with rolling stock for which a full conformity
assessment already exists. Changes in the basic nose shape features, in particular the cross-sectional area
evolution, are generally not considered minor design changes.

With respect to pressure gradient entering a tunnel, the only relevant design differences are differences
in external geometry, differences in design speed and equipment in the region of the nose influencing the
nose pressure wave.

This simplified conformity assessment shall be made by a statement that the design differences have no
impact on the pressure gradient in accordance with Table 6.

Table 6 — Methods and requirements applicable for simplified conformity assessment of rolling

stock
Design differences Methods and requirements
Differences in external geometry limited to: Documentation of differences, statement of no
— increases in cross-sectional area less than | impact and reference to an existing compliant full
1 %:; conformity assessment having an entry pressure

gradient at least 5% lower than that of the

— reductions in nose length less than 2 %, :
reference vehicle assessment.

— equipment in the region of the train nose not
influencing the nose pressure wave stated as
minor differences in external geometry in
Table 4.

5.3 Resistance to aerodynamic loading

5.3.1 General

Aerodynamic loads are caused by the dynamic loads due to trains crossing in the open air, trains running
in tunnels, and the steady loads due to the relative airflow over the trains, and include strong wind loads.
The loads shall be considered in the construction of rail vehicle bodies, and may be used as aerodynamic
loads for strength assessments according to EN 12663-1:2010+A1:2014. The methods to derive loads are
suitable for rail vehicle bodies only. They need further adaptation to provide information for the design
of smaller train elements such as windscreens, bodyside windows, doors, canopies, fairings or other
mouldings attached to the vehicle body.

20



BS EN 14067-5:2021
EN 14067-5:2021+AC:2023 (E)

The most important relevant influencing parameters, not all of which apply to each reference case (see
5.3.2.4,5.3.2.5 and 5.3.2.6), are as follows:

— natural wind speed; (‘(\\
cO

— maximum line speed;
— train length;

— train cross-section;

— train leading and trailing end shapes;
— maximum train speed; \M
— comparable parametvﬁ@t‘a\

— track spacing (distance between track centres);

-\~
e
G
ing or crossing trains;

— tunnel cross-section;
— tunnel length;
— tunnel type, i.e. single or double track;
— relative entry times of trains entering a tunnel;
— ambient conditions:
— air density;
— speed of sound;
— ambient pressure;
— ambient temperature;
— wind (including wind direction, front wind).
5.3.2 Requirements
5.3.2.1 General

For track gauges from 1 435 mm to 1 668 mm inclusive and heavy rail vehicles with design speed greater
than 140 km/h, it is required to provide exceptional and fatigue aerodynamic loads for the design of
rolling stock. Independently of design speed, this requirement shall also be fulfilled if the heavy rail
vehicle is exposed to crossings in tunnels with vehicles running faster than 140 km/h in its standard train
operation. The requirement is not applicable to freight wagons.

This document provides exceptional and fatigue aerodynamic loads for rolling stock design, and thereby
provides an interface to structural strength assessments according to EN 12663-1:2010+A1:2014. As
train parameters influence the loads, the loads shall be assessed individually for the reference cases by
use of methods as stated below. For some trains, simplified load cases are provided and can be applied
without further assessment steps, see 7.7.7. Furthermore, loads depend on the presence of strong winds,
other trains passing on adjacent tracks, as well as the properties of the infrastructure and the train
operations. National differences may arise due, for instance, to different vehicle and track gauges.
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For vehicle bodies, the exceptional and fatigue aerodynamic load cases defined below are considered to
sufficiently cover:

— running in strong winds; ((\\

— passing other trains in the open air;
— single train tunnel transit; E
— crossing with one other train in a tunnel. . (\a'g

Occupancy of more than two trains may be possible in a

y\gy¥ tunnel. This case is not covered by this
document. *

The cases above result in an external pressu ibution on the vehicle body. The pressure inside the
vehicle adapts to the outside press th' a time delay dependent on the sealing properties of the
vehicle. The difference between t Thal pressure, p;, and the external pressure, pe, acts as a pressure
load, pi, on all components forming the exterior surface of the vehicle. The body structure of the vehicle
shall resist these loads. Due to pressure variations in tunnel operation, the vehicle body is therefore
exposed to positive and negative loads.

The following minimum requirements are specified for the determination of the loads. If other
parameters are specified or are available from investigations, their use is permitted and shall be
documented. The use of more detailed methods is permitted and shall be documented.

Unless otherwise defined, assessments shall be made in standard meteorological conditions, namely:
atmospheric pressure pam = 101 325 Pa, air density p, , = 1,225 kg/ms3, temperature ¢ =15 °C, with no
initial air flow in any tunnels considered.

5.3.2.2 Exceptional load cases for vehicle bodies

Exceptional load cases result from operations in:

— the open air in a strong wind;
— in tunnels (worst case condition).

When travelling in the open air, the local load distribution due to strong wind is applied as a static load.
It is derived using the reference case for running in strong winds, see 5.3.2.4. In tunnel operation, loads
due to the tunnel air flow around the train are considered to be covered by loads in operation in open air
with strong wind.

NOTE Although a gust (i.e. transient) wind speed is considered, the associated loading is considered as a static
load.

Due to pressure variations caused by operation in tunnels, transient loads act on a train. All relevant
operational tunnel scenarios shall be considered and the evaluated maximum load values taken into
account in the design of the entire vehicle body. Transient loads due to pressure variation in tunnels are
assessed using the reference cases for exceptional loads in tunnels, see 5.3.2.6.

The maximum aerodynamic loads (positive and negative values of p.) are derived for each case
separately. The maximum loads are applied to the vehicle body according to EN 12663-1:2010+A1:2014.
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5.3.2.3 Fatigue load cases for vehicle bodies

Fatigue loads result from:

— frequent train passings in open air; 0((\\

— general operations in tunnels (adverse, but typical scenario).

The basis for determining fatigue loads is an operational scenario i %wmg parameters which
shall be taken into account: for the vehicle (train speed, othe ehicle parameters), for the train
route system (tunnels, tunnel dimensions, open air seg h Speed limits, etc.) and for the oncoming

traffic (type, speed, passing frequency).

Only transient loads are considered for, fs oads. The effects caused by transient aerodynamic
pressure loads on the vehicle body;: n appropriately combined for a defined operating scenario,

represent the loads experlenmﬁ e entire life of the vehicle. Depending on the operating scenario
under consideration, the | histories for the following load cases shall be determined:

— Transient loads for passmg on open track shall be assessed using the reference case for open air
passings, see 5.3.2.5;

— Transient loads in tunnels shall be assessed using the reference case for fatigue loads in tunnels,
see 5.3.2.7.

Trains passing in the open or operating in tunnels produce similar stress distributions and can therefore
be considered in combination. The relevant effects on the body structure may be combined for instance
by use of a rainflow analysis of the pressure curves, see 7.7.4.4. As long as the application meets the
specified reference scenarios in accordance with this document, the loads may be regarded as
conservative loads for strength assessments according to EN 12663-1:2010+A1:2014.

5.3.2.4 Reference case for running in strong winds (exceptional load case)

The local pressure distribution around the investigated vehicle travelling at maximum design speed in
the open air with a steady and uniform wind speed of 30 m/s at wind angles of 0° and 90° causes imposed
steady loads on the vehicle body that vary with location. These are referred to as the reference cases for
running in strong winds. The loads shall be applied on the vehicle body. Assumptions regarding the
position of the vehicle in the train and the properties of other vehicles in the train are allowed in the
assessment.

NOTE The wind speed above is a chosen scenario for gust wind conditions considered sufficient for vehicle
dimensioning and is not linked to cross wind stability.

5.3.2.5 Reference case for open air passings (fatigue load case)

The pressure field generated by a passing train travelling at maximum line speed on the investigated train
in the open air and in the absence of embankments, cuttings and other significant trackside structures is
referred to as the reference case.

The position of the investigated vehicle in a train has no influence on the pressure loads caused by the
passing train. The imposed loads do depend on the distance between track centres as well as aerodynamic
characteristics and speed of the passing train. Adverse aerodynamic characteristics are assumed for the
passing train and shall be taken from EN 14067-4:2013+A1:2018, 4.1. The pressure variations generated
by the passing train only apply loads on the adjacent side of the investigated train.

As loads from open air passings and tunnel operation are combined in fatigue assessments, the reference
case of open air passings is included in the operational reference scenario defined in 5.3.2.7.
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5.3.2.6 Reference cases for exceptional loads in tunnel transit

The reference scenario describes train operation in a series of tunnels, with some having other trains \

crossing. In the reference case, all trains are operated at a speed which is the lowest of i) the st
maximum tunnel speed, ii) the maximum design speed of the investigated vehicle or iii) a proje f
eters

speed limitation regarding the speed of crossing trains. The following scenarios with de 3
for operation speed, tunnel dimensions and train properties are referred to as the \;9 case.
e

a) Single track tunnels with cross-sectional tunnel area, St, and max1mu dS, Vline,max:

i V]lnemax— 120 km/h Stu— 324m2

w“
— Vinemax = 160 km/h, Su, = 46,7 m?; \M

—  Viinemax = 230 km/h, S, = 52, 0{'@ \

Vline,max = =300 km/h Stu

b) Double track tunnels with a maximum speed, Viinemax, in the tunnel and cross-sectional tunnel area,
Stw, and a passing train class, making full use of the criteria defined in Table 2:

—  Viinemax = 150 km/h, St = 51,0 m?;
—  Viinemax = 160 km/h, St = 74,2 m?;
—  Viinemax = 200 km/h, St = 79,2 m?;
—  Viinemax = 230 km/h, Stu = 79,2 m?;
—  Viinemax = 250 km/h, Swu = 82,1 m?;
—  Viinemax = 280 km/h, St = 82,1 m?;
—  Viinemax = 300 km/h, Sty = 92,0 m2.

If the operation of the investigated vehicle is for a specific route, where some scenarios are not relevant,
they shall be eliminated or replaced. For instance if there are no tunnels on the route, assessment of loads
from tunnel scenarios may be ignored.

The above tunnel definitions are considered suitable for Germany. Figure 3 shows cross-sectional areas
for single and double track tunnels typical of a number of European countries against the tunnel
operating speeds. The reference cases above are shown as lines connecting the symbols. Unless there are
reference cases defined on national or network level, reference cases may be derived to model the
intended operation of the vehicle.

NOTE Information on tunnel length and cross sections can be found in the register of infrastructure according
to “Commission Implementing regulation (EU) 2019/777 of 16 May 2019 on the common specifications for the
register of railway infrastructure”, see guide in [21].
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Figure 3 — Cross-sectional areas for single and double track European tunnels
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Figure 4 — Tunnel area to perimeter ratios

Figure 4 shows a plot of the tunnel area to perimeter ratio against tunnel area, based on national database
values, which is useful when only tunnel area values are available.

Transient pressures in tunnels shall be assessed for the investigated vehicle running in a train. The tunnel
length is chosen to be the critical length based on the maximum external pressure change according to
7.7.3.6.

5.3.2.7 Reference cases for fatigue loads in tunnel transit

A scenario with defined parameters for trains, operation and infrastructure as listed below is referred to
as the reference case. The reference scenario describes a train operation on a railway line with tunnels
and train crossings. In the reference case, the vehicle is assumed to operate for its full life-time solely on
the railway line described by the reference scenario. In this operation, the vehicle’s external surface is
exposed to numerous pressure variations. Differences between the external and internal pressures act as
transient loads on the vehicle body, and therefore depend on the degree of pressure sealing of the
investigated vehicle.
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The various pressure differences between the external and the internal pressures and their frequency of
occurrence during the vehicle’s life-time are represented by a load collective. The load collective
representing a life-time operation according to the reference scenario shall be applied as a fatigue load

to the vehicle body. g(\

Until the development of standard reference scenarios, the scenarios should be sp f1 9 e vehicle
specification. If a reference scenario is to be representative for a railway ne hot just a specific
line, justification shall be made to demonstrate that the chosen refere 10 contains sufficiently
demanding fatigue loads to be representative of the different segl Le. tunnels, open air) of the
network.

The generic reference scenario is defined by th
investigated vehicle on a railway line for eac

gm\g parameters describing operation of the
of line:

— Infrastructure parameters (per s‘
— length of a track wﬁsemon ;» and indicator whether it is open air or tunnel;
— maximum line speed, Viine,max;
— tunnel free cross-sectional area, Si;
— number of tracks and distance between track centres.
— Operational parameters:
— operation in both directions on the defined infrastructure during the life-time of vehicle;
— number of trains passing a stationary point in one direction per hour Niainsperhour-
— Train parameters:
— the speed of trains crossing is equivalent to maximum line speed, if not defined differently;

— aerodynamic characteristics of trains crossing in tunnels, as defined by the limit values in Table 2
in 5.1.2.1;

— aerodynamic characteristics of trains passing in the open air, as defined by EN 14067-
4:2013+A1:2018, Table 2.

The required parameters of the investigated vehicle are introduced in 7.7.3.2.

NOTE A reference scenario for the German network is defined in [9] and [10].
5.3.3 Exceptional load assessment

A full exceptional load assessment of rolling stock shall be undertaken according to Table 7.
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Table 7 — Methods applicable for the full exceptional load assessment of rolling stock

Criteria

Methods

Rail vehicles with

— Vimax < 200 km/h and

— operation only on railway lines
Viinemax < 200 km /h.

— non-pressure tight design (see 7.7.3.2) and

with

Assessment of exceptional loads by
— simplified load case accordin 7.€79

Wga\)(}

.

\

Any other rail vehicle \\N

. n‘v
Assess \}

due to operation in strong wind
according to 7.7.1 and

— exceptional transient loads in tunnel

according to 7.7.3.

O

equivalently to 'sealed’ in this document.

NOTE The term 'non-pressure tight' is used equivalently to 'unsealed’, and 'pressure tight'

5.3.4 Fatigue load assessment

A full fatigue load assessment of rolling stock shall be undertaken according to Table 8.

Table 8 — Methods applicable for the full fatigue load assessment of rolling stock

Criteria

Methods

Rail vehicles with
— non-pressure tight design and,
— Virmax < 200 km/h and

— operation only on railway lines
Viinemax < 200 km /h.

with

Assessment of fatigue loads by
— simplified load case according to 7.7.7.3

Any other rail vehicle

Assessment of

— fatigue loads due to trains crossing in open air
according to 7.7.2 and

— fatigue loads due to operation in tunnels
according to 7.7.4.

5.3.5 Assessment in case of modification

A simplified load assessment may be carried out for rolling stock that is subject to minor design
differences when compared to rolling stock for which a full load assessment already exists.

The only relevant design differences are differences in train design speed, changes in the route
characteristics, and changes in the pressure tightness of the investigated train, which will only be
significant if they impact on the aerodynamic load collective or on the strength analysis.

This simplified conformity assessment shall take one of the following forms:

— astatement that the differences have no impact on the load collective or strength analysis;

— a comparative evaluation of the design differences from the rolling stock for which a full conformity

assessment already exists.
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6 Requirements on infrastructure

6.1 Limitation of pressure variations inside tunnels to meet the medical health critgrion
6.1.1 General GO((\

Any tunnel or underground structure shall be designed such that the maximu e variation caused
by the passage of trains running at the maximum permitted speeds do na’ 10 kPa on the train, to

meet the medical health criterion. Respecting the criterion lea ent requirements according to
whether the tunnel is single or double tracked. This is b ingle track tunnel the maximum
pressure variation will be the same for every train pﬁ(@e ra partlcular train at a given fixed speed,
whereas for a double track tunnel the maximu e variation will also depend on the crossing train
and its relative entry time.

The pressure variation shall b outside the train under the assumption of a scenario involving
a total failure of the tram sealmg such that pressures in the train are the same as those outside
the train.

NOTE1  Fulfilling the above requirements for passengers does not ensure the criterion is met for trackside
workers inside the tunnel itself. Workers safety is not dealt with in these requirements.

The scenarios to be investigated involve trains in the reference cases generating pressures according to
Table 2.

NOTE 2  The 10 kPa pressure change limitation is not, in general, sufficient to properly design a tunnel. For other
considerations, see 6.2 and 6.3.

6.1.2 Requirements

6.1.2.1 Reference case

For track gauges from 1 435 mm to 1 668 mm inclusive, the assessment of maximum pressure variations
on the outside of the train at the positions x1, x> and x3 (see 7.7.3) shall be undertaken using methods
according to 7.4. The train input parameters to be used are to be such that the reference characteristic
pressure signature of the trains is defined by the limit values set out in Table 2 according to the maximum
design speed in the tunnel.

The train reference cross-sectional area is considered constant. For the maximum gauge of the rolling
stock to be operated the cross-sectional area is taken to be:

a) 12 m? for vehicles designed for GC, DE3 and GEC16 gauges;

b) 11 m? for vehicles designed for GA, GB, GHE16, GEA16 and GEB16 gauges;

c) 10 m? for vehicles designed for G1 gauges.

For other rolling stock gauges according to the EN 15273 series, a reference cross-sectional area shall be

determined.

Two train lengths shall be used in the assessment; 200 m and 400 m. The 200 m reference train shall
match the criteria in Table 2 with the same frictional effects per coach as the 400 m train specified. For
double track tunnels, two crossing cases in the tunnel shall be considered; the critical crossings of two
400 m length trains and two 200 m length trains. The assessment shall consider the named construction
features given in Table 9, which also details features which may be ignored.

The pressure variation shall be assessed during the passage of the whole train through the tunnel.
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NOTE For single track tunnels the assessment of the whole tunnel is needed, as the pressure peaks are far
apart. For double track tunnels the peaks are closer, but it is convenient and considered accurate to use the same
time interval of t., see Formula (26).

The pressure variations due to weather conditions outside the portals shall be neglected. 0((\\

The assessment shall be made for standard meteorological conditions: namely atm yo pressure
pam = 101 325 Pa, air density p, , =1,225kg/m3, with no initial air ﬂow i \X el and an air

temperature of 6 =15 °C.

For infrastructure assessment, any train meeting the values Wa'ble 2 shall be considered as a
reference train.

Table 9 — Construction featu“ek all or may not be considered
\
Y

Features that may be ignored

Features that shall be con
%\

increases in tunnel cross sectional area due to
track curvature

airshafts

changes of cross sectional area in the tunnel over | individual pieces of equipment, e.g. signal masts,
a length greater than 20 m electrification masts, overhead contact line
equipment

continuous equipment along through the tunnel, | specific cross-sectional changes less than 0,15 Sy,
e.g. cable troughing, cables, water pipes if the | due to e.g. niches/refuges

resulting impact on the blockage ratio is more
than1%to2 %

emergency walkways or evacuation platforms portal geometry design

open cross connections and crossovers between
tunnel bores

length of portal hoods if present

elements that contribute to the friction of the
tunnel such as roughness of the tunnel wall,
ballast and rails, the frictional effects of niches and
recesses, etc.

6.1.2.2 Single track tunnels

The effects of tunnel inclination due to track gradient shall be included.

Pressures shall be assessed over the time period of the full train passage through the tunnel.
6.1.2.3 Double track tunnels

The effects of tunnel inclination shall not be included.

Pressures caused by crossing trains shall be investigated by systematically varying the relative entry
times of two trains into the tunnel. The pressure variation shall be assessed during the tunnel passage of
the whole train on which the pressures are analysed.

Predictive formulae (see 7.2.5), using critical pressure wave interaction scenarios, may be useful during
the pre-design phase.

Trains travelling in the same direction do not have to be analysed.
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6.1.2.4 Multi-track tunnels

A tunnel with more than two tracks may be assessed as a double track tunnel. Justification thatghis is
sufficient shall be provided for this approach. ((\
6.1.3 Full conformity assessment GO

A full conformity assessment of tunnels shall be undertaken according to Ta 6

Table 10 — Methods applicable for the full conformit sment of tunnels
Design speed of the tunnel Tunnel leX(‘\ Methods
Vline,max
A\
km/h RN\
Viinemax < 160 ;1»& L“m <12 000 — No requirement if B < 33 %,
.

— Assessment of maximum
pressure change according
to 7.4 for B>33 %

\\\\Q

any Lw <100 No requirement

160 < Viine,max 100< Ly, <12 000 Assessment of maximum
pressure change according to
7.4

any Lw>12000 specific investigations

Tunnels that are longer than 12 000 m shall be assessed by a specific investigation of the maximum
pressure changes, see Table 10. This investigation shall include consideration of crossing trains in double
track tunnels and multiple train occupancies. Specific investigations may also be applied to tunnels of
length less than 12 000 m where there are special conditions expected to exist in the tunnel, i.e. high
altitude tunnels or geothermal effects in the tunnel.

6.1.4 Simplified conformity assessment

A simplified conformity assessment may be carried out for a tunnel that is subject to minor design
changes for which a previous full conformity assessment with respect to pressure variations already
exists. The only relevant design differences are differences shown in the right-hand column of Table 9
together with tunnel speed reduction. This simplified conformity assessment shall take one of the
following forms in accordance with Table 11:

— a statement that the design changes have no adverse impact on the pressure variations inside
tunnels;

— a comparative evaluation of the design changes relevant to the tunnel for which a full conformity
assessment already exists.

Table 11 — Methods and requirements applicable to simplified conformity assessment of

tunnels
Design differences Methods and requirements
Changes in tunnel design limited to features Documentation of changes, statement of no
indicated in the right-hand column of Table 9. impact and reference to an existing compliant full
Reductions in tunnel line speed. conformity assessment.
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6.2 Limitation of pressure gradient entering a tunnel (relative to micro-pressure wave
generation)

6.2.1 General ((\\

As the adverse effects of micro-pressure wave emissions are primarily of an acousfigual e any

limitation to micro-pressure wave emission, if applicable, is expected to be regu ional noise
rules.

NOTE1  Although in European countries noise emission rules may gxi y operatlons currently no
standardized rules suitable for micro-pressure emissions are availabl ny, a guideline exists which covers

the infrastructure assessment and acoustic criteria [

wave emissions, the interface between jnffaftMucture and rolling stock defined in this document is
considered. Following this, the 0 any train compliant to 5.2 in a tunnel is compliant to national
noise requirements (ifavailable) ithut Turther assessment. It is thus not necessary to investigate actual
trains intended for operation, if the tunnel is assessed considering only the reference train.

The method and requirement below ensure !‘; Vestlgatlon of a tunnel regarding micro-pressure
f]

NOTE 2  This section deals with only the pressure wave generated on entry of a train into a tunnel portal. It does
not provide methods to investigate the propagation and steepening of the pressure wave travelling through the
tunnel and the emission of micro pressure waves.

6.2.2 Reference case

For track gauges from 1 435 mm to 1 668 mm inclusive, the reference case is described in 5.2.2.1.

6.2.3 Requirements

If a tunnel of the heavy rail system is assessed regarding micro-pressure wave emissions, the pressure
gradient generated by the reference train defined in 5.2.2.1 shall be applied. If the tunnel is not then
compliant to (any) national conformity rules on micro-pressure wave emissions, the tunnel design shall
be modified to ensure operation of the reference train and all rolling stock compliant to the requirement
in 5.2.

6.2.4 Assessment

An assessment shall be performed using the methods stated in Table 12. The maximum line speed Viine,max
refers to the entry speed at the tunnel portals.

Table 12 — Methods applicable for the full conformity assessment of infrastructure

Maximum design speed Method
km/h
Viine,max < 200 No assessment needed
Viine,max = 200 Assessment by numerical simulation or reduced scale test according to
7.6.
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6.3 Further aspects of tunnel design

6.3.1 General

The following additional aspects should be considered in the design of tunnels and oper@ erein to
facilitate efficient operation. National methods and criteria are not currently harmt%zg

6.3.2 Aural pressure comfort \)Q

The level of aural pressure comfort offered to people travgllin «a%m through a tunnel is the choice
of the operator. The level of pressure tightness of the trajpJ es the degree of pressure comfort that
can be achieved. G{ l\

Minimum pressure comfort criteria for sea nsealed trains are suggested in Annex B. Methods to
assess the pressure sealing of rolling‘ re given in 7.8.

Infrastructure managers dvide a network that allows operations with sufficient pressure
comfort using common rom tock. When designing a new tunnel, the tunnel free cross-sectional area,
the target train speed and its pressure sealing in the tunnel, and the degree of pressure comfort aimed at
shall be considered together to achieve the best compromise. For tunnels with lengths less than 50 m
pressure comfort does not need to be considered.

If trains with different degrees of pressure sealing are planned for the new tunnel, the pressure comfort
should be based on the least sealed train crossing with itself and with the other trains.

For a new train operation in an existing tunnel, the train sealing efficiency and train operating speed shall
be balanced in order to achieve a particular level of pressure comfort. Consideration shall also be given
to the pressure comfort of passengers in trains already using an existing tunnel, particularly if the new
train operation is planned to operate at a higher speed.

When assessing the pressure comfort, the dynamic pressure tightness, T4y, as well as the pressure
management system shall be taken into account, if applicable.

Overbridges may be sufficiently long as to be considered a tunnel according to the definition used in this
document. However, their cross-sectional areas may also be so large that aerodynamic pressures
generated by trains passing through them will not create an aural pressure comfort problem. Figure 5
conservatively shows when the area of a tunnel or over-bridge is large enough that pressure comfort
issues need not be determined, as a function of train speed; effectively defining tunnels and over-bridges
in terms of area.

Figure 5, shows with points A and B two examples for structures given train speeds and cross-sectional
areas. Point A is above the curve and so pressure comfort can be ignored due to the large cross-sectional
area. Point B is below the curve, so pressure comfort should be considered.
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Figure 5 — Definition of overbridge with train speed for underground structures with lengths of
50 m and greater

6.3.3 Pressure loading on installations

During tunnel passage a train creates pressure changes inside the tunnel. These pressure changes can be
split into the pressure changes due to the near flow field of the train during passage, and the pressure
changes that a train creates while entering or leaving a tunnel (i.e. pressure waves).

The pressure changes due to train passage depend on the aerodynamic characteristics of the trains
passing through or crossing, the train speed, the geometry and blockage ratio of the tunnel.

NOTE Further information on the characteristics of trains is provided in 5.1.2.

Pressure changes may induce loads on fixed installations in the tunnel if they contain or separate air
volumes (e.g. cabinets, tunnel doors) from the air in the operated tunnel. The loading on such equipment
shall therefore take into account its pressure sealing. (If the degree of sealing is unknown, a conservative
assumption is that the sealing is perfect).

For the design of a component inside a tunnel, exceptional pressure loads and fatigue pressure loads for
the component's lifetime shall be considered.

For a specific single-track tunnel, the exceptional pressure load shall be determined by using the train
characteristics as specified in 5.1.2 and the maximum tunnel operating speed. At the most adverse
positions in the tunnel, this load may occur frequently.

For a double-track tunnel the exceptional pressure load shall be determined by using the train
characteristics as specified in 5.1.2, the maximum tunnel operating speed and the evaluation of the critical
crossing situation, see 7.1.

For a fatigue analysis an operational scenario shall be analysed.
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6.3.4 Induced airflows

The movement of trains in tunnels induces air movements along the tunnels, through portals agd any
open cross-passages if present, and up and down any existing airshafts. These airflows can high
peak values (>30 m/s), particularly in shafts and cross-passages, depending on traingh ﬁa‘nd the
tunnel design. It is possible that such high air speeds may cause noise probleré'@sc‘ in designs of
airshaft.

Smaller airflows are generated by atmospheric pressure difference@@t}n')ftle portals of the tunnel
and air density differences due to temperatures inside apd jdferle tunnel, or altitude differences
between the portals. \

These airflows shall be considered for the sa
provision of niches, handholds.
ol

Also, equipment installed in thm

of ¥hy personnel working in the tunnel e.g. by the

such as signal gantries or catenary supports, with areas exposed

to longitudinal airflow sh \ nd any airflow induced loads.

6.3.5 Aerodynamic drag

A train running in a tunnel displaces air in front of it and back to its rear. This results in an air flow over
the train opposing the direction of travel that increases skin friction forces compared with the open air.
Also, in tunnels the train shall overcome the pressure difference between the nose and the tail. Both
effects result in an increase of aerodynamic drag when a train is running in a tunnel. To maintain full
operational speed in a tunnel, the additional drag needs to be compensated by the traction system of a
train, resulting in an increase in energy consumption. The predictive formulae in A.3.6 or numerical
simulation software (see 7.2.6) may be used to estimate the aerodynamic drag of trains in tunnels.

6.3.6 Contact forces of pantograph to catenary

Upon tunnel entry, the displacement of air along a train opposing the direction of travel increases the
speed of the air flow around the pantograph. As all pantographs generate aerodynamic lift forces, contact
forces between the pantograph and the overhead contact line may increase, especially in tunnels with
small blockage ratios, B. The mechanical dimensioning of the catenary shall be checked to account for any
increase in contact force.

6.3.7 Ventilation
Trains operating in tunnels induce airflows that facilitate fresh air entering the tunnels. Natural

ventilation is induced by total pressure differences between the portals. Such induced airflows may have
to be considered in the design of any artificial ventilation system.

For very long or intensively operated tunnels, the air temperature may also increase due to heat
generated by trains or rock temperature due to geothermal effects, which may affect personnel or
technical installations. The design of the ventilation system should consider such temperature increases.

6.3.8 Workers’ safety

If workers are allowed in tunnels during commercial operation, it is recommended that the assessment
of workers' safety should include the following aspects:

— pressure changes;
— air velocities;

— air quality (exhaust gases, dust, carbon monoxide, carbon dioxide, etc. from combustion engines such
as diesel locomotive-hauled trains, plant equipment).
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6.3.9 Loads on vehicles in mixed traffic operation

Mixed operation describes the operation of high speed trains (above 200 km/h) together with trains
designed for speeds lower or equal to 200 km/h on the same track. The latter trains, in this context, \
trains for freight transport and/or passenger transport, such as regional or commuter trains.

experience significantly larger loads in double track tunnels, if crossing with high spee !%rgmnmg
faster than 200 km/h

It is recommended to investigate the maximum operational speeds for mg)aé)ﬁc in tunnels, if the
combination of essential design parameters such as maximum IIHW imum distance between
track centres, minimum tunnel cross-sectional area and rollj gauge are not covered clearly by
trouble-free operational experience. This may also applygt 0 tion on open track.

e'sliding door wagons, are described in Annex D.
For freight trains, there is no common c[i# regarding the aerodynamic loads that freight vehicles
may withstand safely. The technj ds for freight trains, see EN 12663-1:2010+A1:2014 and
EN 12663-2:2010, which have be d from operational experience, ensure a certain robustness of
the different installations on freight Vehlcles Assessments of mixed operations with freight trains should
therefore provide comparisons of load cases referring to existing tunnel crossing scenarios with trouble-
free operational experience.

The aerodynamic loads on enclosed freight\gr

For high-speed lines with double-track tunnels operated above 200 km/h, it is recommended to include
in the railway network statement for passenger trains structural requirements according to 5.3 and
EN 12663-1:2010+A1:2014 or other applicable rules.

6.4 Additional aspects for underground stations
6.4.1 Pressure changes

Pressure changes generated by the trains operating in tunnels attached to underground stations may act
on passengers (medical safety, pressure comfort), installations (pressure loads, micro-pressure waves)
and doors (rapid door movements) in the stations and the connected pedestrian tunnels. Large pressure
changes are generated by the entry of a train at high speed from the open air into a tunnel and proceed
into a connected underground station.

It is recommended to investigate the need for pressure relief shafts in the station if the combination of
essential design parameters, such as maximum line speed, minimum tunnel cross-sectional area, rolling
stock gauge and general layout of the tunnel-station-system do not clearly result in trouble-free
operational experience.

6.4.2 Induced airflows

Air flows are generated by trains operating in tunnels (due to the piston effect) attached to underground
stations and their pedestrian tunnels, as well as in the near flow field of trains passing by platforms
(slipstream effects).

Air flows may result in the discomfort of passengers exposed to them, especially in waiting areas. Very
high air speeds may affect the stability of passengers standing on platforms or generate a potential risk,
if unguarded wheeled vehicles (e.g. wheelchairs, pushchairs, suitcases on wheels) are set in motion and
roll towards the track.

Airflows create loads on installations in the station and connecting tunnels.
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6.4.3 Specific case for loads on platform barrier systems due to trains passing

As described in 6.3.3 and 6.4.1, instantaneous pressure changes will also occur on the trackside syrfaces
of platform barrier system due to the passing of the nose, the tail and the inter-car gaps of t, L\;in. In
general, a pressure load acts perpendicular to the platform barrier because ofpressure dj S across
both sides of the barrier. Due to the relatively small distances between platform i nd the centre
of track, load cases given for flat structures parallel to the tracks in EN 4065 t applicable.

As the loads depend strongly on the individual design, only the prlnc choice of a scenario and

an approach for assessment to derive the loads are defmed

The following parameters have significant effects on tude of loads:

— the geometry of train nose, 1ntercarww rollmg stock gauge;

— the geometry of platform K \;&s em;

— the distance of the balmx rom the sides of passing trains;

— the geometry of surrounding infrastructure;

— the geometry of pressure relief openings in the platform barrier system, if fitted;

— the maximum train speed.

Aerodynamic loads on platform barrier systems shall be derived for a scenario chosen taking into
consideration all of the above stated parameters.

A blunt nose train geometry resulting in large pressure changes shall be derived, justified and used as a
reference train. For the heavy rail network and when the maximum line speed is greater than 160 km/h,
the train geometry shall meet the criteria provided for Apy in Table 2.

The investigated geometry of the platform barrier system, the infrastructure and pressure relief openings
shall be chosen appropriately and justified. The aerodynamic load used in structural assessments for
fatigue shall include, as a minimum, the loads due to nose and tail passage with an appropriate number
of train passings, and loads due to pressure waves in the tunnel/station system.

Exceptional load cases for platform barriers in subterranean stations with connecting tunnels and in the
open air shall be chosen appropriately and justified. For platform barriers in the open air, loads as
described in 6.4.1 are not applicable.

7 Methods and test procedures

7.1 General

Pressure variations are described by means of the gauge pressure, p(t), measured in time and referenced
to atmospheric pressure, (for standard meteorological conditions the atmospheric pressure
Patm = 101 325 Pa)

The external pressure, pe, usually denotes the pressure outside a train, or equally inside a tunnel as
generated by a train passing through the tunnel. The internal pressure, p;, usually denotes the pressure
inside the train or generally in any enclosed air volume that is present in the tunnel system. The internal
pressure responds to the external pressure and is dependent on the pressure sealing of the train or
generally any structure that separates its internal volume from the external environment.

In order to assess the effects at the surface between the external and internal environments, the pressure
difference pq is determined. This pressure difference is one source of structure loading.
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Pq =Pe ~P; (1)
NOTE On some occasions it can be useful to define the pressure difference in reverse, i.e. see static pressure \
load pLin 7.7.3.1

The definition of p4 shall be documented. 66 ‘G
An example of the pressure difference on a well-sealed train in two succesﬁ&)@els is shown in

Figure 6. P

/the pressure variation depends
ns crossing, in the tunnel.

Besides the vehicle and tunnel parameters (as detailed in Claus

on the operational mode, especially for a single train runningl o\t

.
Train crossings include not only the situation whe ins are present simultaneously in the tunnel,

but also for the period after the first trai‘n\l\d the tunnel and residual pressure waves are still
propagating, although damped e.g. b@q nd portal losses. This complete scenario is denoted here
as aerodynamic crossing, and Cav%\ ribed e.g. by a virtual tunnel length which comprises a period

when wave propagation is still sigttificant after the first train has left, see 7.7.4.3.

Each pressure variation is distinct for specific combinations of vehicle, tunnel and operational conditions.
Certain combinations of train speeds, relative entry time and tunnel lengths, lead to maximum pressure
changes; such combinations are referred to as critical crossings.

Different methods, (such as full-scale measurement, reduced scale measurement, numerical simulation
or predictive formulae), may be used to determine the pressure variations in tunnels related to specific
requirements. Other computational or analytical methods may be used to analyse the data or to obtain
required parameters. Those methods are described in the following clauses.

The method used shall be documented and an error assessment shall be carried out when required in
subclauses.

Pe N I\
/ .
177 [
-’ L ( \
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\.\ '\\ /
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1 single train transit
2 critical crossing with two trains
pe external pressure
pi internal pressure
pa pressure difference between external and internal pressures

Figure 6 — Pressure difference on a well-sealed train in two successive tunnels
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7.2 Methods to determine pressure variations in tunnels
7.2.1 General

7.2 describes methods that may be applied for several purposes to determine presswgg}ons in

tunnels.

— The static pressure in the tunnel as shown in Figure 7 develops as fq{}%@en a train enters the
tunnel:

— first there is a sharp increase in pressure Apy causﬁ\ﬁ@éntry of the nose of the train into the
tunnel;

— thenthereis a second increase i D due to friction effects caused by the entry of the main
part of the train into the tun "\

— then there is a drop in‘ﬁ'sure Apr caused by the entry of the tail of the train in the tunnel;

— then there is a sharp drop in pressure Apur caused by the passing of the train nose at the
measurement position in the tunnel.

Real measurements of pressures may differ from the idealized pressure signature shown in Figure 7, for
instance if the train cross-sectional area varies along the train. In such a case, special consideration shall
be given to determining the individual Ap values.

All Ap values shall be considered as absolute values.

p

Figure 7 — Train-tunnel -pressure signature at a fixed position in a tunnel (detail)
The train-tunnel pressure signature (Apn, Aps, Apr and Apup) can be derived from calculations or

measurements at a fixed position in a tunnel.

The following methods are suitable for characterizing the aerodynamic quality of a train in a tunnel.
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7.2.2 Full-scale measurements at fixed locations in a tunnel

7.2.2.1 Test site

The tunnel shall have a constant cross-section and no side passages or airshafts over a minim @ggl\

length given by: ges

cL

Ltu,min = Xp +

(2)

2v

T+ AL, ,withv, = Vir test (m m / s) if App is needed ga

tr

where the additional length AL1 ensures a good temporal sepé@kg\the individual pressure variations
and ideally should be about 150 m.

Deviations in cross-sectional area shall be c ; n a later stage of assessment. Air shafts shall not
have any effect, i.e. plain tunnels shouﬁ? or any air shafts present shall be blocked during tests.
h

Tunnel cross-sectional area and a i anges are not limited for the test.

Tunnels should have a steep angled or plain portal. Tunnels with hoods should be avoided, or corrections
shall be applied for their effect.

For the tunnel near the entry portal and the test section, the cross-section shall be determined. The value
of the cross-sectional area may be rounded to the nearest 0,25 m2. A possible way to do so is based on
technical drawings. The characteristic main dimensions (height and width) shall be measured at site and
documented.

7.2.2.2 Measurement positions
In order to obtain precise values of Apn, Aps, Apr and Apup for a fully developed wave pattern, it is

necessary to ensure the following condition on the measurement position in the tunnel. The distance, x;,
between the entrance portal and the measuring position shall be:

th
X = +4Ax, (3)
Prc—v,
where
¢ =340m/s.

The additional distance Ax; ensures a good temporal separation of the individual pressure variations. Ax;
shall be between 100 m and 300 m. The measuring system shall be installed at x, to avoid wave damping
effects.

7.2.2.3 Test train requirements

For fixed or pre-defined train compositions consisting of more than one train unit, it is sufficient to assess
a train composition consisting of at least two units and of a minimum length of 120 m.

For single rolling stock units fitted with a driver’s cab, conformity shall be assessed for units at the front
and rear of a rake of passenger carriages of at least 100 m in length. Tests shall be carried out with either
one unit, or with two identical units; one at the front and one at the rear of the train. The carriages should
be comprised of those likely to be used in operational conditions.

Conformity of other rolling stock, see 5.1.2.4, shall be assessed by a rake of the vehicles to be checked
with a minimum length of 100 m. The rake shall consist of units of the same type. Tests shall be carried
out with two units fitted with driver’s cabs; one at the front and one at the rear of the train. The units
fitted with driver’s cabs should be comprised of those likely to be used in operational conditions.
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If the train length used for assessment is not compliant with the reference case, the results shall be
corrected according to 7.3.

7.2.2.4 Train speed requirements

The selected nominal test speed Vi st Of the train nose entering the tunnel shall not S(\ 0 % of
the reference speed, according to Table 2. The nominal test speed should be e vve the reference
speed.

For a valid set of measurements, at least 50 % of the measur ;%%‘l be taken within + 5 %, and
100 % of the measurements within + 10 % of the noml al Eéed T test

The difference between the measured speeds of d last axle shall not exceed 3 % of the speed
of the first axle.

7.2.3 Instrumentation

7.2.3.1 General \(\\\.Q

Pressures are measured at one position along the tunnel only using pressure transducers. It is
recommended to place the pressure measurement at a location at which the flow field is undisturbed by
tunnel installations. It is recommended to estimate the likely pressure signal range when planning the
testing. The pressure transducers shall be calibrated prior to use over the expected pressure range,
typically * 4 kPa. The combination of pressure sensors and probes used shall be capable of measuring the
pressure with a minimum of 150 Hz resolution. The measurement error of the measurement chain
comprising the pressure transducer and the data acquisition system shall be less or equal than 2 % of the
expected value for Apn + Aps..

NOTE The data acquisition system includes signal conditioning, signal transmission and recording/sampling
of data.

The measurement of static pressure shall be made in such a way as to ensure that air flow in the tunnel
does not affect the measurement. A suitable realization of such an installation is by using a flat mounting
board with pressure taps set in it. The mounting board shall be mounted on the tunnel wall, and should
be as thin as possible. An example is shown in Figure 8. Another suitable set-up is by mounting a static
(or static Pitot) tube aligned parallel to the tunnel axis. The static pressure is in this case measured at the
static pressure port of the tube.

In order to prevent a loss in (dynamic) information, the tubes and pipes between the pressure tap and
the pressure transducer shall not exceed an overall length of 50 cm.
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Dimensions in millimetres
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Figure 8 — Example of schematic description of set up for pressure measurement

The static pressure may be measured as a differential pressure relative to a common reference pressure
(e.g. as stored in an insulated pressure reservoir). Pressure changes in the tunnel act on the tubes
connected to the pressure reservoir and may affect the reference pressure. The structural flexibility and
the volume of air in the tubes compared to the pressure reservoir shall be dimensioned to reduce this
effect. A small leakage in the pressure reservoir may be necessary to adjust the reference pressure to
slow ambient pressure changes. It shall be demonstrated that the leakage is not affecting the test during
testing.

Ambient pressure, temperature and humidity measurement equipment shall be placed inside the tunnel
within about 50 m from the tunnel portal. The air speed sensor shall be placed either near the pressure
measurement position or within 50 m from the tunnel portal. The air speed sensor should be positioned
such thatis not significantly affected by boundary layer effects. Therefore, it should be placed at a distance
of at least 0,8 m from any tunnel surface, if possible. The uncertainty in the air speed measurement shall
be determined and shall not exceed * 0,3 m/s for an air speed of 6 m/s. The sensor shall be capable of
distinguishing between flow directions. Acquisition of temperature and humidity shall comply with
ISO 8756.

The actual test train speed viresti Of each run shall be measured close to the tunnel portal within + 50 m
from the portal for the first and the last axle of the train with a precision of 1 %. This can be realized by
two light barriers or axle detection devices in the track. As an alternative to detecting the axles, the speed
of nose and tail may be measured by appropriate sensors. Both train speeds shall be documented. If Apyp
is to be measured, an additional train speed measurement shall be made at the measuring position xp.

The layout of the chosen test site shall be recorded. This shall include a description of the location
including the portal, the evolution of tunnel cross-sectional area with the distance from the portal and
the position of equipment.

Correct identification and recording of the passing train type, its speed, length and composition are
mandatory (e.g. by video or by recording the axles pattern).
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7.2.3.2 Data acquisition system

The pressure signal shall be sampled at a minimum of 300 Hz with anti-aliasing filters with a gut-off
frequency of at most one quarter of the sampling rate. If no analogue filters are used, digital ffeeking is
allowed if sufficiently higher sampling rates are used. Air speed in the tunnel shall be @ with a
sampling rate of at least 1 Hz. Sampling of train speed shall be chosen tg eﬁx}u@t e precision
requirement. The time period of measurements shall start at least 60 s befo e&@ enters the tunnel
portal and last until at least 10 s after the train tail passing xp. | aé mended to extend the
measurement to about 120 s after the train tail passing xp. (5

A d
Temperature and humidity measurements shall ensu%(& ing within * 5 minutes after the train
entering the tunnel. G

.
7.2.4 Full-scale measurements on tlBe {pPof the train

.

If it is not possible to carry m@a rements at fixed locations in a tunnel, Apn, Aps- and Apr can be
approximated by measur%ﬁe f Apno, Apiro and Apr, on the exterior of the train, see Figure 9. If
needed, Apup can be derived either from predictive formulae or assumed to be equal to Apn,.

The tunnel shall have a constant cross-sectional area, no side passages or 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 shall be checked.

Pressures are measured using transducers on the exterior of the train. These shall be calibrated prior to
use over the expected pressure range, typically + 4 kPa. The measurement error of the pressure
transducer including the data acquisition system shall be less or equal than 2 % of the expected value for
Apn + Ap.

To get the complete frictional pressure rise, Apy, it is necessary to measure the pressures on the outside
of the train at position x; just behind the nose at the position where the full cross-sectional area is reached.
Instrumentation according to 7.2.3 is recommended for the external pressure.

The speed of the train shall be determined with a precision of 1 % and shall be constant during the entry
into the tunnel to within 3 %.

Data shall be sampled at a rate of at least 5 vi./Ln Hz, with anti-aliasing filters applied having a cut-off
frequency of at most one quarter of the sampling rate. If no analogue filters are used, pure digital filtering
is allowed, if sufficiently higher sampling rates are used.

p

e

=
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<
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Figure 9 — Train-tunnel-pressure signature on the nose of the train
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The minimum tunnel length Lymin is:

L. ¢ (c+v
_ tr . _
Ltu,min - 2 v [C v } + ALZ 7W1th Vir = Vtr,test &\
tr tr 0

where the additional length AL; ensures a good temporal separation of the individual ae&variations,

and ideally should be about 200 m.

As the tunnel length reduces the amplitude of the first reflection of themng ve Apn, by friction, the
tunnel should not be much longer than Luymin.

7.2.5 Predictive formulae G“\“
.

Estimates for Apn, Aps, Apr and Apup can be the formulae given in Annex A, A.2, A.3 and A.4.
For tunnels with varying cross-sectional h¥® smallest area shall be considered.
.

The maximum pressure change ( ‘\‘ eak) Apmax under the worst-case conditions, (e.g. critical tunnel
length, critical crossing or parallel tunning, critical location), are given by the following formulae.

At a fixed location in a tunnel for two identical trains crossing or running in a parallel:

ap, . = 24py +24pg. +24pp +24py, (5)

At a fixed location in a tunnel for a 1 train situation:
Ap . = Apy + Apg. + App + Apyp (6)

On-board a train in a situation with two identical trains crossing:

Ap =24py +24pg. +24py +24pyp +24p, (7)

max

On-board a train in a single train situation:

ApmaX:ApN+Apfr+ApT+Apalt (8)
where
Ap . = —gpy4h 9)

is the natural pressure variation due to the difference in altitude;
where
po  =1,225kg/m3
Ah s the difference between maximum and minimum altitudes in the tunnel (m).

7.2.6 Assessment by numerical simulation

As three-dimensional effects are limited to the entrance region of a tunnel and nose and tail of a train, the
propagation of pressure waves in tunnel can be modelled accurately by one dimensional (1-D)
computational models. Such models are in widespread use. The models are based on following
parameters:

— Characteristics of tunnel: cross-sections and perimeters of tube and shafts, friction coefficient, portal
losses, lengths, air temperature and ambient pressure, density, altitude.

— Characteristics of trains: cross-sections and perimeters of trains, friction coefficient, head and tail
pressure losses, lengths.
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— Characteristics of operation: train speed profile, tunnel entry time, direction of travel.

The following correlation, based on Figure 4, is considered a suitable approximation for thq train
perimeter, Pey, if only the train area is known. f\

Pe, =3,139.5, 0% S ‘GO (10)

The following correlation is considered a suitable approximation for @@%rimeten Pey,, if only the

tunnel area is known. . (\6’
0.5 \O
Petu=(2+ﬂ)[2.st G \ (11)
.

T W
The outputs of the models are { 'sAr\e of pressure and air speed at defined locations in the tunnel or
along the train. \\\ @

Physical effects should include generation of pressure variations due to entry, passage and exit of trains
in tunnels, propagation of pressure waves through the tunnel accounting for friction effects, (partial)
reflections at cross-sectional changes and at the portals of the tunnel, shafts if included and trains in the
tunnel. Parameters are assumed to vary along the tunnel, but are constant at each cross-section.

Pressures and air speeds are assumed to vary in time. Calculations shall be made with validated
numerical methods. Signal filtering is usually not applied to simulated signals, as it may result in
overshooting amplitudes due to filter characteristics.

More specific tools may be necessary to investigate micro-pressure waves (for generation, steepening
and emission), see Annex C.

7.2.7 Reduced scale measurements at fixed locations in a tunnel

Models of the test train shall be constructed which accurately represent the train nose and tail (tolerance
of 10 mm full-scale maximum deviation from the original shape of the vehicle body), and have a good
representation of the bogies, intercar gaps and train exterior surface features (e.g. roughness, shape). The
test models shall be at a scale of 1/25 or larger for the test train to ensure that Reynolds number effects
are minimized. The full-scale train Mach number shall be respected.

With scaled tunnel and train models, the pressure waves in the tunnel will reproduce those at full-scale,
except that the time base will be decreased by model scale. For instance, in a 1/25 scale test, all the
pressure waves will occur on a time base 25 times faster than at full-scale.

In most cases it is not practicable to use models which represent the full-scale train length. A train model
consisting of the leading and end cars, with two intermediate coaches is a minimum for this purpose. The
frictional part of the pressure signature for these reduced length models reproduces the full pressure
rise, if the full-scale length is accounted for by extrapolation. The use of shorter train models will produce
conservative values for Apr and Apup.

The tunnel model shall be rigid and very well sealed onto the test rig bed to ensure that no reduction of
pressure wave amplitude occurs. Sealing tests of the tunnel mounting onto the test bed shall be
undertaken to check the tunnel leakage value. The full-scale equivalent leakage area shall be 1x10-3 m2/m
or less.

The minimum tunnel length and measurement position shall respect the dimensions given in 7.2.2.

Pressures are measured using transducers in the tunnel. These shall be calibrated prior to use over the
expected pressure range, typically + 4 kPa. The measurement error shall be less than 1 %.

The speed of the train shall be known with a precision of 1 % and should be constant during the entry
into the tunnel within 3 %.
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Data shall be sampled at a rate of atleast 5 vir/Lnmodel Hz, with anti-aliasing filters with a cut-off frequency
of at most one quarter of the sampling rate. If no analogue filters are used, pure digital filtering is allowed

if sufficiently higher sampling rates are used. \
7.3 Assessment of maximum pressure changes (vehicle reference case) Go((\
7.3.1 General

The assessment is performed based on full-scale measurements with the in gram according to

7.2.2. The number of test runs shall be as in the requirements stat ?‘. Further assessment and
correction of the measurement data are necessary to compa ﬁi eference case in 5.1.2.1. Three
alternative approaches to transform the measurement described in 7.3.2, 7.3.3 and 7.3.4. A
general assessment of the pressure time history is ‘in 7.3.5. The outcome of the transformation
is compared to the reference case accordmg‘(\b )

NOTE All three approaches are co e suitable. No recommendation is given regarding the choice.
An application example showed diffe 5 % in Apn + Apse + Apr.

7.3.2 Transformation of measurement values by a factor (approach 1)

k
The signal of measured pressures py is multiplied by the factor —2 to correct for blockage, train speed
1

and air flow in the tunnel.

_ 2 1
ki=p; vy 5 1 (12)
(1-8))
with
17,51 9
~H.-0,378-exp| — 2 +1,814

Patm ~ 1 Pl a1+ 0,

pj: j:1a2 (13)

287,05-(273,15+ ej)

Ver 1rel =Ver test TUo (14)
and
Indexj =1 represents the situation as measured in the test;
Indexj =2 represents the reference scenario;
H is the relative humidity (%);
P2 is set to an air density of 1,225 kg/m3;

Virtest 1S the train speed during the test (m/s);

Uo is the measured air flow at the moment of tunnel entry, (positive in the direction opposed to
the train) (m/s);

Datm is the ambient atmospheric pressure during the test (Pa).

NOTE The density formula is adopted from EN 61400-12-1:2017
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If the train length is not compliant with the reference case, linear extrapolation of Aps with the tested
train length shall be performed, taking into account any couplings between train units. The pressure
changes Apn, Aps- and Apr shall be derived for the reference case using the method in 7.3.5 and comjpared

to the reference case according to 7.3.6. 0((\

7.3.3 Transformation of measurement values based on A.3.3 (approach 2)
.

For each measured signal, the pressure changes are derived according tg “%%ting in a table.

To derive a corrected Apy, the value of {yo is set to zero in For lg% Then Formulae (A.9), (A.10)
and (A.11) from A.3.3 are solved to derive {y, which is ap]glié (N]%-re ence case to compute a corrected

APN.

To derive a corrected Aps, the Formulae (A M 3) and (A.14) from A.3.4 and Formula (15) and (16)
are solved first to derive the train rou ameter ks. An assumption on tunnel friction Cyy, is needed
and may be set to 0,005. This 'Xe resents a tunnel with smooth walls e.g. modern concrete lined,

ballast and track, and is a ‘\‘ ive value for tunnels having rough walls. Also for Formula (A.12), an
assumption is needed for (M. This is given by:

-2
D
Cpy = 0,25 [2 -log, {k—hJ + 1,14] (15)
S
with
S =S
_A. tu tr
Py =4 [Pe + Pe J (16)
tu tr

The parameter ks is derived from the formulae stated above from the test results and applied to the
reference case as a constant value, to compute a corrected Aps.

As Dy is different for the test and reference conditions, the formulae shall be solved first for the test
condition and then for the reference case, using the train length as defined in 5.1.2.

To derive a corrected Apr, the value of {y is set to zero in Formula (A.17). Then Formulae (A.15), (A.16),
(A.17), (A.18) and (A.19) from A.3.5 are solved to derive {; from (A.16). The value of {; is derived from
Formula (A.17) and applied as a constant to the reference case to compute a corrected Apr. The air density
in the reference case is set to pamb = 1,225 kg/m3.

NOTE The background to this approach is found in [2], [11] and [12].

The derived pressure changes Apy, Aps- and Apr shall be compared to the reference case according to 7.3.6.
If the train length is not compliant with the reference case, linear extrapolation of Aps with the tested
train length shall be performed taking into account any couplings between train units.

7.3.4 Transformation by simulation (approach 3)
In addition to the previous approaches in 7.3.2 and 7.3.3, simulation tools represent an alternative
method to convert the measured pressure signals to the reference case.

The track test conditions can differ from the ones defined for the reference case and, thus, the first step
of the process involves a comparison between the pressure measurements from the tests and the
simulations, to ensure that the simulations are able to predict the measurements to a satisfactory
accuracy.

The steps for comparison are as follows:

— the available train and tunnel data with regard to the track tests shall be used as input parameters to
the simulation software to define the assessment case scenario;
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the tunnel friction coefficient Ct is required, this may be obtained from tests, by previous knowledge
or may be unknown;

— asuitable choice of Ctw = 0,005 may be taken if the friction coefficient is unknown. It represx@\
a tunnel with smooth walls e.g. modern concrete lined, ballast and track and is a con@@ ve
value for tunnels with rough walls; 66 .

the obtained pressure signal p(t)sin from the simulation software sha \A%ed to the signal
P(6)test from the track test.

a’
The comparison of the signals shall involve: G“\“

a graphical comparison of p(t)sim and p(t)test. \MNilation should visually reproduce the overall
characteristics and pressure changes o‘f \ aSurements;

.
applying the assessment of tw&g‘e time history in 7.3.5 to measurements and simulations;

a numerical comparison of the pressure changes Apy, (Apn + Aps) and (Apn + Aps + Apr) where:

_ | ApN,test - ApN,sim |

&N = <0,1;
P ‘ ApN,test ‘
|Ap(N+fr),test _Ap(N+fr),sim|
€ pp = <0,05;
(N+fr) ‘ Ap(N+fr),test ‘
‘AP(N+fr+T),test _Ap(N+fr+T),sim‘ 0.05
EA = < ) ;
p(N+fr+T) ‘ Ap(N+fr+T),test ‘

from this comparison {,, Cr and {; coefficients are derived from the input values used in the
simulation tool;

using the obtained coefficients, converted as necessary for the reference tunnel dimensions, the
reference case shall be simulated with the air density of pamp = 1,225 kg/m3 and Ct, = 0,005 with the
train length according to 5.1.2.

The pressure changes Apy, Aps and Apr shall be derived for the reference case using the assessment in
7.3.5 and compared to the reference case according to 7.3.6.

7.3.5 Assessment of the pressure time history

The following procedure can be used to extract the properties of the tunnel pressure signature from a
measured pressure history:

a)

b)
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The recorded pressure history should be roughly cut to the region of interest. Useful markers to
identify the region of interest are the pulses recorded to measure the train speed, the positions of the
maximum and minimum of the signal and positions of large signal gradients.

For the procedure to run stably the signal should not contain high frequency noise. Therefore, the
measured signals should be low-pass filtered using an appropriate filter with a cut-off frequency of
10 Hz and negligible phase shift. Simulated signals should not be filtered.



d)

g)

h)

BS EN 14067-5:2021
EN 14067-5:2021+AC:2023 (E)

The offset in the signal should be determined properly by computing the mean value of the signal
before the beginning of the first rise Apy of the signal. The averaging interval should be restricted to
a suitable range of e.g. 30 s before the first pressure rise. It is recommended to iteratively adjgst the
position of the averaging interval such that the first pressure rise is consistently excludﬂé‘n the
averaging, but the offset is still representative of the signal just before the first prese@ ;

1) If residual pressure waves persist in the signal, the length of the a @%%terval should be a
whole multiple of the period of the residual signal. a\‘,ﬁ
9

2) The standard deviation, o, or the peak-to-peakyv, iltered signal within the averaging
interval can be used as a measure to assess t itude of residual waves.
.
The horizontal line 1 can be drawnat set level, portser, See Figure 10. Alternatively, the offset can
be subtracted from the signal be(‘:\e ther processing.

.
[t is recommended tomﬁ?pressure signature to a region of interest as displayed in Figure 10.
Point C in Figure 10 is the maximum of the signal within the region of interest.

The gradient of the filtered signal in the region of the first pressure rise Apn is computed and the
maximum positive gradient and its location are determined. Point A marks the location of the
maximum gradient. Line 2 is drawn through point A. The slope of line 2 equals the gradient of the
filtered signal at point A.

Line 3 is drawn through points C and B. Point B is defined as the first point after point A, where line 3
becomes tangential to the filtered signal.

1) Point B can be found iteratively starting at point A and comparing the slope of the resulting line
through point C with the local forward gradient at the chosen point. Point B is found when the
local forward gradient becomes smaller than the slope of the resulting line through point C the
first time, see Figure 11. The local forward gradient at point B shall not be negative.

2) The location of point B should be checked visually to ensure that it characterizes the nose
pressure rise. Typically point B should be found within (tg- ta) < (60/Virest) seconds after
point A. If point B is not found close enough after point A to still characterize the nose pressure
rise, the described method might not be suitable to analyse that particular case, e.g. when
analysing short trains. In this case, another method such as that described below in (m) to (o)
and illustrated in Figure 12 should be applied, or the above conditions should be adjusted. The
time ta denotes the time of point A. The times tg, ts, tr are defined in the same way for points B, S,
T, as well as the pressures pg, ps, pr-

NOTE The value of 60 m in the formula for the time interval given above, allows for the effect of portal design.

i)
j)

k)

D

Point D is located at the intersection of lines 2 and 3.

The pressure rises, Apxy and Aps, can be determined from the pressure level at point D considering
the signal offset pofiser and the difference in pressure levels between points C and D respectively.

For further assessment, data beyond point E shall be neglected. Point E is defined as the position in
the signal where line 4 becomes tangential to the filtered signal with line 4 running through point C.

Point E can be identified using a procedure as described for locating point B.

Point F is the minimum of the measured signal between points C and E, and the tail pressure drop
Apr can be determined from the difference in pressure levels between points C and F.
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Alternatively, the nose pressure rise Apx can be determined from the low-pass fi

illustrated in Figure 12:
m) The region of interest is restricted to data up to point C in Figure 10.

n)

0)

In some cases, the low-pass filtering generates some signal undershoot (compared with the
unfiltered signal) in the time interval between points C and E, whereby Apr is exaggerated. If this
is observed, point F should be determined from the unfiltered signal or filtered data applying a \

higher cut-off frequency. Points A to E should not be re-analysed in this case.

iy

&0
@@ nal, as
ooV

-

C%\ﬁ%ével the last time, see detail in

Point S is chosen where the low-pass filtered data equal

.
Point T can be determined iteratively: . \\M

A d
1) For each choice of tr, wit '\“EQtime ts0% can be determined where the signal corresponds to

50 % of the value at the time tr: p(tso% ) ~ Pofrset = 0,5 (p(tT ) - poffset)

Figure 12.

2) The areas As and At can be computed by numerical integration of the filtered signal between
instants ts, tso9 and tr. For high accuracy it is recommended to use trapezoidal integration and

linear interpolation of the filtered signal to match the instants exactly.

3) The difference between areas As and Ar is computed and tr is varied to minimize this area
difference using a suitable algorithm such as Newton’s method.

The above procedure may also be modified and used as an alternative to assess Apr.
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Figure 10 — Properties of measured the train-tunnel -pressure signature signal
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Figure 11 — Searching for point B iteratively
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Figure 12 — Alternative determination of ApN
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7.3.6 Assessment quantities and comparison

The test measurements need to be checked to ensure that there was no other train in the tunnel during
the test, and that no residual pressure waves remained in the tunnel. Also, there should be no initial st
flow in the tunnel. However, if any of these conditions exist, the test sample shall be elim' .‘@\ 0
corrected. Evidence and documentation shall be provided.

Ideally, at least five independent and comparable test samples are requz%w mum of three

samples shall be obtained. The assessment quantities are the average Changes, ApN, Apfr, or

ApT These values shall be compared to the reference case ac “\f& able 2.
When assessing the conformity of single rolling stoc itted with a driver’s cab, Aps-is setto 1 250 Pa
(for trains with vimax < 250 km/h) or to 1 40?311 ains with Vi max 2 250 km/h).

When assessing the conformity of OW ger rolling stock according to 5.1.2.4, then Apy is set to
1 750 Paand Aprto 700 Pa (for tr Virmax < 230 km/h) orto 1 600 Paand 1 100 Pa (for trains with
Vtr_max > 230 km/h).

7.4 Assessment of maximum pressure changes (infrastructure reference case)

7.4.1 General

The Infrastructure assessment is performed by calculating the maximum pressure changes for a
reference train running at the maximum design speed in the tunnel. This maximum pressure variation
shall not exceed 10 kPa. Compliance shall be made for a single reference train running in a single track
tunnel, or for a crossing of two reference trains in a double-track tunnel; (in which the worst case crossing
scenario shall be considered).

Infrastructure assessments for tunnels with maximum line speeds below 200 km/h are limited to the
assessment of a reference train with 200 km/h maximum design speed.

[t is not necessary to assess other vehicle characteristics.

7.4.2 Assessment method

For this assessment, the following steps shall be undertaken:

a) Determine the train input parameters to be used in the process (i.e. reference train definition). This
reference train is defined by the limit values of the pressure signature given in Table 2. Depending
on the design speed in the tunnel, the appropriate reference case shall be chosen. These parameters
shall be appropriate to the method used to calculate the maximum pressure, (see the methods
described in 7.2.5 and 7.2.6, i.e. predictive formulae or simulations). Using the standard tunnel
parameters, a pressure time history shall be computed and documented in a diagram similar to
Figure 7.

Train parameters include:
— Cross-sectional area (see 6.1.2);
— Lengths equal to 200 m and 400 m (see 6.1.2);

— Friction coefficient, nose and tail losses (worst case values to be derived from Table 2).
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The following tunnel parameters shall be used for this step:

— Atmospheric pressure pam = 101 325 Pa, 6 = 15 °C, air density pam» = 1,225 kg/m3; \
— Tunnel cross-sectional area (defined by the reference scenarios in Table 2); 0((\
— Tunnel length; sufficient to have a complete signature (see 7.2.2.1); Qes

— An assumption about tunnel friction: C;w should be set tg 0 %a’

— Portal losses. G“\“

elng considered: cross-sectional area, length, entry
e variation, shafts, cross-sectional area changes and any
or relevant features).

Define the input parameters of the re
shape/portal, friction coefficien\

construction features (se@@e

Justification of the us\s\f the tunnel parameters (friction coefficient, portal losses, etc.) shall be
provided, where possible by the use of the experimental data (pressure time histories obtained in a
test or in a similar tunnel).

Determination of maximum pressure in single track tunnels.

Using the train and tunnel parameters defined in the previous steps, compute the maximum pressure
change (peak-to-peak), Apmax, on the outside of the train for a single reference train running at the
maximum design speed in the tunnel with 1-D simulations (see 7.2.6) or predictive formula
(see 7.2.5, Formula (8)). 1-D simulations shall be performed for the three sensor positions x1, x> and
x3 defined in 7.7.3.4.

Determination of maximum pressure in double track tunnels.

With the train and tunnel parameters defined in the previous steps, compute Apmax for a critical
crossing of two reference trains at the maximum design speed in the tunnel. The crossing of two
200 m trains and two 400 m trains shall be considered. The computations shall be performed for the
three sensor positions xi, x2 and x3; defined in 7.7.3.4 for the variation of relative entry times t. as
defined in 7.7.3.4. To include the worst case scenario, the maximum pressure change (peak-to-peak)
Apmax on the outside of the train shall be derived from all of the simulations. As an alternative to using
simulations, the predictive formula for two trains crossing may be applied (see 7.2.5, Formula (7))
ignoring Apai.

If, for a given tunnel design, the criteria are not met, one or more of the train design speed, the tunnel
area, the tunnel length, shafts or portals will need to be modified.

All relevant parameters and calculation results shall be documented.
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7.5 Assessment of the pressure gradient of a train entering a tunnel (vehicle reference
case, with respect to micro-pressure wave generation)

7.5.1 General ((\\

The limiting criterion is the maximum gradient (dp/dt) of the entry pressure wave. In Fi 1 re is
. . . . P B
an example of a train-tunnel entry compression wave measured inside a tunnel sho

alization.

p,dp/dt o AV
\IC~
N p\C\\'Q"—‘

/'\}‘
FAYS

('(

Key

1 p
2 dp/dt
X time

Figure 13 — Example of an entry compression wave

7.5.2 Assessment by simulations

For a rolling stock assessment using CFD simulations, the following steps shall be undertaken according
to 7.6:

a) simulate tunnel pressures during entry of the reference vehicle with a speed of 250 km/h into the
reference tunnel,

b) show that, in this case, the maximum entry pressure gradient, dp/dt, is in the range
[8 800 Pa/s, 9 500 Pa/s] to validate the simulation settings,

c) using the same settings, simulate entry of the assessed vehicle in the reference tunnel with a speed
of 250 km/h, or with the maximum design speed if it is lower than 250 km/h,

d) compare the maximum entry pressure gradient of the assessed vehicle with the results of the
reference vehicle,

e) the assessed vehicle passes if its maximum pressure gradient is not higher than one of the reference
vehicle simulation.

NOTE1  Stepsa) and b) demonstrate the quality of the assessment.
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NOTE 2  As steps c), d) and e) indicate that trains running at speeds below 250 km/h may have bluffer nose
shapes than the reference train, but still produce the same maximum pressure gradient as the reference vehicle at
250 km/h.

7.5.3 Assessment by moving model rig tests 0«\\
For a rolling stock assessment using moving model rig tests, the following @?ﬂa‘ll be undertaken
according to 7.6.3: Q

a) measure tunnel pressures during the entry of the referencqae:h%’a'to the reference tunnel with a
speed of 250 km /h,

b) measure tunnel pressures during the entr ssessed vehicle into the reference tunnel with a
speed of 250 km/h or with the sign speed ifitis lower,
c) compare the maximu sure gradient with the results of the reference vehicle,

d) theassessed vehicle passes 1fthe maximum value of dp/dt is not higher than for the reference vehicle.

Evidence and documentation on the quality and repeatability of the test shall be provided by comparing
the maximum entry pressure gradient to those obtained by other laboratories for the reference case or
to a full scale test.

7.6 Assessment of the micro-pressure wave (infrastructure reference case)

7.6.1 General

For an infrastructure assessment, the following steps shall be undertaken according to 7.6.2 as the basis
for a prediction of micro-pressure wave emissions in conjunction with compression wave propagation
and micro-pressure wave emission by simulations:

a) simulate the pressures during the entry of the reference vehicle in the reference tunnel at a speed of
250 km/h,

b) show that, in this case, the maximum entry pressure gradient dp/dt is in the range [8 800 Pa/s,
9500 Pa/s],

c) simulate the pressures during the entry of the reference vehicle in the assessed tunnel at a speed of
250 km/h or with maximum portal entry speed if it is higher using the same setup,

d) use the obtained entry pressure wave to calculate the micro-pressure wave emissions,
e) compare the micro-pressure wave emissions with limit values and apply countermeasures if needed.

Use 250 km/h in step c) even if maximum portal entry speed is lower to account for bluffer nose shapes
than the reference train.

Alternatively, by using moving model rig tests according to 7.6.3:

f) measure the pressures during the entry of the reference vehicle in the assessed tunnel at a speed of
250 km/h or with maximum portal entry speed if it is higher,

g) use the obtained entry pressure wave to calculate the micro-pressure wave emissions,

h) compare the micro-pressure wave emissions with limit values and apply countermeasures if needed.
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The last two steps in both of the infrastructure assessment methods are not described in this document.
This section only specifies the definition of the interface of the infrastructure corresponding to the vehicle
requirement.

For moving model rig tests, evidence and documentation on the quality and repeatability of the te ﬁm\
be provided by comparing the maximum entry pressure gradient to those obtained by othe%b@n ries
for the reference case or to a full scale test. \)Qe *

7.6.2 Assessment by numerical simulations (%

-
All tests shall be performed by three-dimensional simulation i@&’tea y turbulent compressible
models. The simulation tool shall handle moving meshes. GV\

The simulation domain shall consist of a stationar NP¥ntaining the tunnel and the open air region in
front of the tunnel, and a moving part cont l\ rain. The simulation tool shall handle the region
between the stationary and moving f‘lx nvironmental part of the domain outside the tunnel shall
be at least as wide as the vertical esenting the plane of the tunnel portal.

The train nose shall start moving at a distance away from the portal that allows the flow field around the
train to establish. At a longitudinal distance of 30 m to 40 m before the portal the flow field shall be stable.
Stability of the flow field shall be proven by comparing the nose pressure pulse values at the positions
defined in EN 14067-4:2013+A1:2018, 4.1.2 moving along with the train over 10 m to 20 m. An example
of a usable simulation domain is shown in Figure 14. Also shown is the coordinate system.

Key
1 “train”
2 stationary domain “environment”
3 stationary domain “tunnel”
4 moving domain “train”
2 train nose starts here

Figure 14 — Simulation domain (example)

The train shall be modelled moving into the tunnel portal at a constant speed. An acceleration phase is
allowed only at the beginning of the simulation to prevent numerical pressure fluctuations from the
simulation propagating through the domain.
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In the simulation domain the local mesh spacing may differ. It shall be locally refined in the region near
to the train nose, the tunnel portal and the tunnel entry region with a local mesh size of the order 0,1 m.
At the far end of the tunnel and in the far field environment, the local mesh size can increase up tofl m in
the x-direction. The time step size shall yield a Courant-Friedrich-Levy (CFL) number, see Fow (17),
of the order of 1, based on the local dominant speed U. In the tunnel entry region t peed is
dominant, while in the far tunnel region the pressure wave speed (i.e. the VdOClté%) ) dominates.

CFL = A;J(U| g@-\)g (17)

The same local meshing rules apply for the moving 1n Contalnlng the train (both for the reference
train and the assessed train). The stationary shall be kept identical in both cases.

All walls in the reference 51mulat10n a¥ in the assessment simulation shall be modelled as smooth
walls.

All simulations shall be d at 6 =15°C ambient temperature, at pam =101 325 Pa ambient
pressure and using dry air physical properties. There shall be no applied wind in the open section ahead
of the tunnel. There shall be no longitudinal air flow in the tunnel.

All simulations shall be undertaken at full-scale.

The train shall be modelled sufficiently accurately so that modelling simplifications do not result in
unrealistic flows. The train nose shape and aerodynamically significant features on the train nose shall
be modelled in detail. Permitted simplifications for the train body are:

— no bogies; bogie cavity can be filled for continuous shape;
— no pantographs; cavity can be filled for continuous shape;
— no inter-car gaps.

Friction effects on the train body or at the tunnel wall are of minor importance, because the phenomenon
is dominated by compression effects between the train nose and the tunnel portal.

Pressure data are derived from the simulation at a fixed position in the tunnel at a distance of 100 m
behind the tunnel portal and at a height of 1,5 m above top of rail. The probe shall be located in the
stationary mesh to reduce interpolation errors due to moving mesh nodes. Raw pressure data shall be
extracted from all time steps to show that there are no fluctuations/pressure waves before the train nose
enters the tunnel.

The pressure gradient is then calculated by a simple linear differential scheme:

(@j _ (Pi+1 -p;) (18)
dt J; (ti+1_ti)

Additional post-processing, such as data filtering, is permissible by using a Butterworth low pass filter,
or equivalent, with a cut-off frequency of between (10 and 15) Hz, but shall be used in the same way for
the reference and the assessment simulations. It shall be shown that there is no impact on the comparison
if the simulation results are filtered.
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7.6.3 Assessment by moving model rig tests
7.6.3.1 Reduced-scale moving model tests (infrastructure)

Reduced scale moving model tests shall be carried out using the assessed tunnel and the refer%?w\
according to 7.6.1. The scale of the tunnel and train models shall be such that the Reynolds_g@m| ased
on the model train speed and a nominal train height of 3 m shall be greater than 2,5 9@

[t is not required to model the full length of the assessed tunnel; however t ale tunnel length
shall be at least 300 m at full-scale. The entry portal of the tunne] s (Qielled like the real portal
and at the same scale as the tunnel to ensure that the nose entr \ wave replicates reality. If there
is a portal hood, it shall also be modelled at the same sc e'tunnel. The region close to the portal
shall be modelled up to a distance of two tunnel dj *above the ground plane, and a minimum of
two tunnel diameters each side of the centre 1\i unnel. The ground plane outside the tunnel portal
shall extend laterally a minimum of on, 'nXl iameter from the centre line of the tunnel and a full-scale
equivalent of 50 m ahead of the t“‘%' tunnel portal geometry shall be modelled with a tolerance of
50 mm full-scale maximum deviat rom the original shape.

The tunnel portal shall be modelled by a vertical wall extending a minimum of two tunnel diameters if
the reference tunnel (5.2.2.1) is to be assessed.

The dimensions of the reference train are given in 5.2.2. The train model shall have no additional guiding
elements (such as bogies for running on the moving-model rig) for a distance of twice the nose length
from the front of the train.

Measurements shall be made inside the tunnel of the pressure transients at a full-scale equivalent of
100 m from the tunnel portal, at a height of the maximum tunnel width on each side of the tunnel. These
shall be made with transducers that are able to measure pressures of up to + 2,5 kPa with a measurement
error of less than 1 %. The transducers shall be calibrated prior to use.

The sampling rate shall be at least 5 vir/Lnmodel Hz. Five separate runs shall be carried out for the assessed
train.

NOTE The model scale is given as demonstrated in the following example. For a 1:25 scale model with 5 m nose
length full scale and running at 69 m/s, the sampling rate is 1 725 Hz.
The pressure signal p shall be taken as the average between the two sensors on each tunnel side.

The pressure signals shall be transformed to full-scale by

Pfyliscale (t ) Rmodel) = Pmodelscale (t) (19)

The pressure gradients may be calculated from Formula (18).

Additional post-processing, such as data filtering is recommended by using a 6th order Butterworth low
pass filter, or equivalent, with a cut-off frequency of between 10 HZ x Rmoget and 15 HZ x Riodel.

For each run, the maximum pressure gradient and the time dependent pressure signal shall be
determined at full-scale.

7.6.3.2 Reduced-scale moving model tests (rolling stock)

Reduced scale moving model tests at model speed shall be carried out using the reference tunnel, the
reference train and the assessed train according to 7.5.1. The scale of the tunnel and train models shall
be such that the Reynolds’ number based on the model train speed and a nominal train height of 3 m shall
be greater than 2,5 - 105. The vehicle surface shall be modelled with a tolerance of 10 mm full-scale
maximum deviation from the original shape of the vehicle body.

The model-scale reference tunnel length shall be dimensioned according to 5.2.2. The entry portal of the
tunnel shall be modelled by a vertical wall extending a minimum of two tunnel diameters above the

58



BS EN 14067-5:2021
EN 14067-5:2021+AC:2023 (E)

ground plane, and a minimum of two tunnel diameters each side of the centre line of the tunnel. The
ground plane outside the tunnel portal shall extend laterally a minimum of one tunnel diameter from the
centre line of the tunnel and a full-scale equivalent of 50 m away ahead of the tunnel. l

e the

The dimensions of the reference train are given in 5.2.2. The length of the assessed tramg‘u
same as the length of the reference train. The assessed train shall be modelled sufficj rately that
modelling simplifications do not result in unrealistic flows. The train nose ? Tl be modelled in
detail. Aerodynamically significant features on the train nose shall @ d in detail. Allowed
simplifications for the train body are:

o
— no bogies, bogie cavity can be filled for continuous (\6’

— no pantographs, cavity can be fllledw géhape

— no inter car gaps.

The train models (referen %\ﬁ’gsessed) shall have no additional guiding elements (such as bogies for
odel

running on the moving-m rig) for a distance of twice the nose length from the front of the train.

Measurements shall be made inside the tunnel of the pressure transients at a full-scale equivalent of
100 m from the train portal, at the height of the maximum tunnel width on each side of the tunnel. These
shall be made with transducers that are able to measure pressures of up to + 2,5 kPa with a measurement
error of less than 1 %. The transducers shall be calibrated prior to use.

The sampling rate shall be at least 5 vir/Lnmodel HZ. Five separate runs shall be carried out for both the
reference train and for the assessed train.

NOTE The model scale is given as demonstrated in the following example. For a 1:25 scale model with 5 m full
scale nose length and running at 69 m/s, the sampling rate is 1 725 Hz.
The pressure signal p shall be taken as the average between the two sensors on each tunnel side.
The pressure signals shall be transformed to full-scale by
¢
pfullscale (t ’ Rmodel ) = pmodelscale( ) (20)
The pressure gradients may be calculated from Formula (18).

Additional post-processing, such as data filtering is recommended by using a 6th order Butterworth low
pass filter, or equivalent, with a cut-off frequency of between 10 x model scale and 15 x model scale Hz.

The conformity with the requirement shall be based on a comparison of the maximum pressure gradient
generated by the train nose entry for the reference train and the assessed train.

7.7 Assessment of aerodynamic loads
7.7.1 Assessment of load due to strong wind

Possible methods for determining the static pressure field due to wind include full-scale measurements,
CFD simulations or model tests in accordance with EN 14067-4. Regardless of the method for
determining the static pressure field the local coefficients for pressure c;, the temperature, air pressure
and air density shall be documented and converted to standard conditions, if applicable.

NOTE Presently there are no common assessment procedures or guidelines on the application of the load
distribution available.
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7.7.2 Assessment of open air passings for fatigue load assessments

External pressure variations act on the investigated train on the side adjacent to a passing train. The
values shall be estimated from a table that is set up depending on maximum line speed and the mmm@\
track spacing of the network intended for operation. The table shall comply with the following @1

The passing train shall run at maximum line speed and have the most ady @%ﬁbdynamlc
characteristics corresponding to the reference case described in EN 14067 1:2018, 4.1.2

Table 2. For track gauge of 1 435 mm, the stated limit of permissible press ags%max is 800 Pa peak-
to-peak measured at a distance of dx = 2,5 m from the track centre, 9 TSI LOC & PAS 2019, the
permissible pressure Apos o, max iS constant in the speed rang {ﬁ m/h to 250 km/h. The signal of
pressure change is represented in this context by a sym ssure change from -400 Pa to 0 Pa and
0 Pa to 400 Pa.

The pressure variations on a wall parali; cX, (here the vertical side of a passing train), shall be

assumed to be twice as large as t ¢'variations measured in the open air in the absence of such
a wall. As track spacings in most rRs are depending on the line speed, the effects of track spacing
Y, vehicle width b and line speed Vmaxiine and measurement distance dx (for track gauges other than
1435 mm) should be considered by setting up a table of external pressure change * p., see Table 13 as an
example. It is recommended to establish a table for vmaxline Using appropriate values for Yy, b and dx and
the following formulae.

For line speeds below 160 km/h, + p. is provided by Formula (21)

X max,line
i'pe = Ap95%,max )2 ’ { 160 ] [21)
Y. -b/2
tr

For line speeds 160 km/h to 250 km/h, * p. is provided by Formula (22)
(d,)”
ipe = Ap95%7max 2 2 (22)
Y, —b/2)

For line speeds above 250 km/h, * p. is provided by Formula (23)

ipe = Ap‘)S%,max . 2 [ mza:gneJ (23)
Y, —b/2)

To cover any operational scenario at lower line speeds, the applied value of pressure changes * p. for

open air passing shall always increase with increasing line speed or remain constant at least. In the

example in Table 13, the computed value * p. decreases above 200 km/h due to increased track spacing

and falls below 800 Pa. Values for 230 km/h to 280 km/h are therefore superseded by the 800 Pa value

computed for 200 km/h, see 4th column in Table 13.

Above statements address the nose passing. For each passing train, three pressure variations shall be
assumed, representing the passing of the train nose, a coupling of two units and the train tail. Only for
crossing trains with a speed below 250 km/h, the pressure variations generated by the coupling (50 %
of the nose passing pressure variation) and tail (65 % of the nose passing pressure variation) shall be
reduced compared to the one of the nose by the values stated in brackets.

For the purpose of simplification, the assumed internal pressure remains unchanged during passing.
Thus, the pressure load, pi, equals the external pressure change, pe, on the train.
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Table 13 —Example of external pressure change * p. computed for maximum line speed and
track spacing (taken from [9]):

Vline,max Track spacing Computed value * p. Applicable value i{(\\
[km/h] [m] [Pa] [Pa] ~ ()
A4
120 3,8 532 deﬁz'
130 4,0 528 ) 528
O\

140 4,0 613 ‘(\a ) 613

150 4,0 Mo\ 703

160 4,0 N 00 800

180 4,0 \ | N 800 800

’ O\

200 4) “\J 800 800

230 4,5 556 800

250 4,5 556 800

280 4,5 697 800

300 4,5 800 800

310 4,5 854 854

320 4,5 910 910

7.7.3 Assessment of transient loads in tunnels
7.7.3.1 General

The static pressure load pi. is due to the pressure difference between the external pressure p. and internal
pressure pi. The pressure p. is derived from simulated train operations in tunnels and p; from further
calculations taking into account the time series of p. and the pressure sealing of the vehicle investigated.

P, =P — P, (24)
NOTE The pressure difference p. is defined as -pp, see 7.1.
7.7.3.2 Train parameters

The internal pressure is dependent on the external pressure and it changes with a time delay relative to
the external pressure depending on the existing leakage area. One way to determine the time delay of the
internal pressure change is the so called tau-model using a time constant tqy.. The change of the internal
pressure can sufficiently be described by the following simplified differential formula:

dp; 1
oy, e (0 mil0) (25)

Alternatively, a more detailed internal pressure model may be used.
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If the dynamic tau value, T4y, representing train operation cannot be approximated from full-scale test
results, the following values may be used for a conservative verification depending on an estimate of 7q4yn
(see the values in brackets). Larger t4yn values will result in larger aerodynamic loads:

— non-pressure tight vehicle (t4m < 0,5 s) calculate with 74yn = 0,5 s; 0«\\
— moderately pressure tight vehicle (0,5 s < Tqyn < 4 s) calculate with 74yn = 8s; Qes
— pressure tight vehicle (q4yn 2 4 s) calculate with 74yn = 50 s. ga'

A non-pressure tight vehicle is characterized by an absence d(\ re protectlon measures, such as
pressure protection flaps, pressure protection fans and p ght gangways between the cars. [t may
be necessary to use different tau values for pres and non-pressure tight areas, (e.g. different
values for the driver's cab and engine room t\‘

For both the train of interest anq ¢ @ tering train, the respective maximum operating speed or,
when lower, the maximum line sp§e at section shall be considered. The aerodynamic characteristic
of the crossing train has two possible states, and depends on the speed in the tunnel under investigation.
The characteristics shall be selected to meet or to be greater than the three pressures stated for Apy,
Apn+ Aprr and Apn+ Ape+ Apr in Table 2 in 5.1.2.2. The characteristics of the investigated train may be
estimated based on comparison with measurements of similar full-scale trains.

The length of the encountering train is always 400 m. For assessed trains in fixed formation or operation
with multiple units, it is sufficient to investigate the maximum length only. Vehicles for general operation
shall be investigated assuming a train with 200 m length if their maximum speeds are equal to or below
200 km/h; for other speeds a train length of 400 m shall be assumed. The properties of unknown vehicles
shall be chosen to approximate as closely as possible the characteristic of Table 2 in 5.1.2.2. A constant
cross-section and perimeter can be assumed for the purpose of simplification over the whole length. If
the cross-sectional area of the vehicle varies, the area of the first car shall be used.

7.7.3.3 Tunnel parameters

Tunnels may be simplified in the simulation model. It is sufficient to model them as simplified non-
inclined tubes with no air ducts and constant cross-section. The cross-sectional area and length, as well
as the friction coefficient used shall be documented. Tunnel friction is required; A value of 0,005 for Ct,
is suggested, representing a tunnel with smooth walls e.g. modern concrete lined with ballast and track.

7.7.3.4 Simulation parameters

The resulting signal of pressure varying over time shall have a calculation resolution of no more than
0,1s.

If the crossing of two trains is assessed, the train to be examined enters the tunnel by definition at the
time t = 0 s. When two trains meet, the difference in entry time is given by t.. A positive value of t. refers
to a situation where train 1 enters before train 2 (crossing train). To identify correctly the worst crossing
conditions, simulations shall be performed over an interval time between:

v
114+ 99 1n[L’2J
Vtr,l .L&_ Ltu + Ltr,Z <t < Ltu + Ltr,l [26)
<t, <
Ltu +1 ¢ Vtr,Z Vtr,l
1000
NOTE The formula covers train crossings and aerodynamic crossings in tunnels with remaining pressure

waves down to 10 % of their initial amplitude. A refined formula can be found in [9].
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The time increment At. within the interval above is given by Formula (27), but shall be limited to a
maximum of 0,5 s.

At = wi GO((\\ 27)

2 (Vtr,l + vtr,Z )

The external pressure signal is determined for at least three measuring % on the simulated train.
These positions are defined as follows:

x1 = at the start of the constant cross-section but at lek\i@@m%e nose of the train, as maximum

positive pressures are expected here,
X2 = in the centre of the train,

= at the end of the constant cr *\ but at least 5 m in front of the end of the train, as severe
negatlve pressures are EXREC

If the position of a single sp¥c fled vehicle of interest in the trainset is known, the measuring position can
be limited to the centre of this vehicle. The effect of the direction of travel shall be taken into account.

7.7.3.5 Calculation software

The calculation of the pressure waves for determining the loads in the tunnel based on a one-dimensional
propagation is sufficient. Validated software shall be used. The software including its release
date/version and a short description of the calculation procedures shall be documented.

7.7.3.6 Assessment

For the reference cases defined in 5.3.2.6, the maximum pressure difference pq shall be determined from
simulations of single train tunnel passings and train crossings investigating the full interval of entry
times, see7.7.3.4.

If the scenario in 5.3.2.5 does not include a tunnel length definition, the tunnel length shall be selected
which is expected to produce the maximum exterior pressure change. The critical tunnel length Liycric
which leads to the largest negative pressure outside of the train in the single train situation is
approximately:

L
tr € c
Liyerit ® Tv_[l + V—J (28)

The critical tunnel length Liy,cric which leads to the maximum negative pressure outside of the train in the
two train crossing situation is approximately:

L L
Cc tr,1 tr,2
Ltu,crit ~ _[ + J (29)

2 Vtr,l Vtr,Z

For unsealed trains, larger loads may occur in other tunnel lengths. In this case, a variation of investigated
tunnel lengths may be applied, or alternative approaches may be used (see guideline [9] 5.2.2.1 as an
example for such an assessment).

The maximum value of the pressure differences, pq, from all tunnel operation reference cases shall be
considered for a proof of structural strength of the vehicle body.

The loads determined using the above method are sufficiently conservative to EN 12663-1 and do not
require any additional safety factor.
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7.7.3.7 Documentation

The parameters used for the investigated and encountering trains, including the friction and loss
coefficients, shall be documented and justified. The pressure signal of the encountering train sha
compared in a diagram to the reference case defined in 5.1.2.2 and the values in Table 2. EVlde 2
simulation tool validation with full-scale measurements shall be provided, e.g. as lndlcat atlve
Annex E.

7.7.4 Assessment of fatigue loads ga\)
7.7.4.1 General “\

A train travelling for its full lifetime on the rout

aerodynamic loads acting on the vehicle bo

are applicable to be used in structural s @‘l
n

eration covered by the reference case. Such loads
a¥sessments of vehicle bodies only.

For each route section conmstu@, air sections, single train tunnel transits and crossings in
tunnels, an individual load collectlve C can be determined. These three load collective types shall be
combined and result in:

— aload collective for trains passing in the open air based on 7.7.2;
— aload collective for tunnels (single train transits and trains crossing in tunnels, see below).

It may be assumed, that the above load collectives can be combined into a single load collective, to
describe the amplitudes of pressures acting on all sides of the train. The load collective shall be scaled to
represent the lifetime of the train. This load collective C is the output of the assessment. It shall be applied
equally distributed over the surfaces of the structures creating the pressure tightness of the vehicle. The
loads on openings in the vehicle body, like windows and doors, shall be accounted for. It shall additionally
be converted into a load collective diagram with sum frequencies and an equivalent load for a specific
number of load cycles.

The approach for fatigue is similar to that for exceptional loads in 7.7.3. Therefore, all the requirements
stated for the train, tunnel, simulation parameters and calculation software in 7.7.3.2 to 7.7.3.5 shall be
applied.

7.7.4.2 Load collectives

Load collectives C result from rainflow classification of the time signals of pressure load pi. scaled for the
specified service life of the vehicle. For the load collective of a trains crossing in tunnels, a collation of
time signals covering the variation of entry time t. shall be analysed.

Define a reference route from A to B consisting of N,, sections of open track and Ny, tunnels, in which solo
passages or train crossings occur.

The load collective for trains meeting on the open track Coa,cros is derived from the values of train meetings
on the open track in the individual sections, where the number of passages over the service life on this
section of the route is taken into account:

L .
_ ) ) _year,i
Coa,cros - Z(Coa,cros,i noa,cros,i) tlife L [30)
i section,i
where
i=1,.., Noa
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[t is assumed, that the pressure due to “passing other trains in open air” and due to “tunnel events” may
be treated in one collective and the resulting simplified application of an equivalent load. The frequency
for trains crossing on the open track accounts for this by use of a factor of 0,5, see Formula [37)

The collective for solo passages in the tunnel is calculated in a similar way:

Lyearj 6 G
Ctu,solo = Z(Ctu,solo,j “Miy,solojj ) “Llife - L—7 \)Qe (31)

j section, j ga
where K (\a"
i=1, ., N G\(\\ (32)

The load collective for two trains en

in a tunnel is derived from multiple simulation runs for
different entry times t.. The nu alculated entry time gaps Nace,; shall also be taken into account in
order to standardize the ¢ 0 represent a single tunnel passage with a crossing.

1 Lyear,j
Ctu,cros = Z Ctu,cros,j 'ntu,cros7j ’ N 'tlife ’ (33)

j Ate, j section, j

The load collective for the operational lifetime Ciitecycle iS the output parameter to be used in structural
strength fatigue analysis. It results from the sum of the above individual collectives:

Clifecycle = Coa,cros+Ctu,solo+Ctu,cros (34)

With this process, several reference route segments including train encountering can be combined into
one load collective. For each measuring position defined in 7.7.3.4, one load collective is determined.
Based on the assumption that both directions are equally frequented and the train configuration is
symmetric, the loads at the measuring position x; and x3 may be combined as follows:

(35)

Clifecycle

e
2

lifecycle,front + E ’ Clifecycle,tail

7.7.4.3 Train crossing frequencies

How often trains cross depends on the length of the route section Lsection, the train speed vi.1, the speed
of the encountering train vi» and the number of trains per hour in opposite direction at a stationary point

Ntrainsperhour-

For crossing on open track, the load exerted on the vehicle body is generally acting only on the side
adjacent to the encountering train. If an equal distribution of train encounters on both sides can be
expected, the number of train encounters can be halved to obtain one load cycle acting on the whole
vehicle body. The frequency for trains crossing on the open track is in this case determined as follows:

n .
0a,Cros,i

\% +v
— %. L ] . N ] . tI',l tr,2 (36)

section, i trainsperhour v v
tr,1 tr,2

where

i is defined above.
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The number of train encounters in a tunnel is calculated based on the virtual length of the tunnel Lyirttun.
The virtual length originates from the fact that residual pressure waves may still propagate in the tunnel
after the opposing train has already left the tunnel. The virtual length of the tunnel is calculated by \

_ oo

Vtr,l + Vtr,2 ge
The frequency for trains crossing in a double track tunnel is determined by: a\)

-

A d

Vg 7 (o

tr,1 tr,2 (\

ntu,cros,j - Lvirttun,j ’ Ntrainsperhour ’ - (te,max - te,mrainsperhour [38)
.

Virt Vir2

1% %

tr,1

Lvirttun,j = (te,max e,min ) )

but is limited to 0 < nw,cros; < 1. . \

The frequency of single train pa x’@mut train encounters in a double track tunnel is determined
by:
Mysoloj = 1- Mu,cros,i (39)

7.7.4.4 Rainflow analysis

The time signals of pi. shall be evaluated by means of the rainflow procedure (see [22]), unless required
differently by structural strength methods. As load collectives of the individual track sections have to be
combined to determine the overall load collective, only rainflow-counting algorithms are suitable that
take into account the residual (see EN 17149:—1, 7.3.3). The rainflow collectives of the partial collectives
are added up directly. The residuals are strung together in the corresponding order and analysed again.
The rainflow collective of the residuals is then added to the sum of collectives. The remaining residual is
counted by closing it cyclically and adding it to the overall collective. A suitable algorithm is, e.g. the so-
called 4-point algorithm. This method divides all local extreme values of the pressure time series into
start and goal categories or into categories based on their amplitude and their average value. The so-
called rainflow matrix contains the frequencies of the corresponding classified values.

The class range is 100 Pa. If the number of classes used is less than 32 a class range of 50 Pa shall be
selected.

7.7.5 Determination of the damage-equivalent load amplitude for scenario

In order to have a single load value to compare different running scenarios, the rainflow matrix shall be
transferred to the damage-equivalent amplitude assuming uniform material values.

NOTE This value is not generally valid for a strength analysis.

The damage-equivalent amplitude peq is determined below. Based on the amplitudes, p;, and the

corresponding frequencies, h;, the damage-equivalent amplitude, pe.q, should be calculated for the
reference cycles N. = 107 and the S-N curve exponent k = 3 by:

nort )
| 202 0@
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7.7.6 Documentation

The following items shall be documented to determine the fatigue loads:

Route data including the type and frequency of oncoming traffic: 0«\\
— service life and travelling distance of the vehicle under consideration; G

— the parameters used for the investigated and encountering %mg the friction and loss
coefficients, shall be documented and justified. The ﬂgmgnal of the encountering train
shall be compared in a diagram to the referenc d in 5.1.2.2 and the values in Table 2.
Evidence on the simulation tool validatign {o ,Ml}-scale measurements and to the calculation
procedure of the damage- equivalent \*de shall be provided, e.g. see informative Annex E;

— samples of both exte e signals and differential pressure signals, for at least one
representative 51% tunnel passage and one passage where two trains pass in the tunnel;

— exterior pressure signals and differential pressure signals for scenarios each with maximum
positive loads and maximum negative loads;

— a rainflow matrix diagram for the measuring position at the centre of the vehicle scaled to
lifetime operation;

— pressure load collective diagram for the head, centre and rear of the train in the form of the sum
frequency over the amplitude. Here, the amplitude values shall be applied to the linearly divided
y-axis and the sum frequency to the logarithmically divided x-axis. The frequencies shall be
extended to the projected service life of the vehicle (scaling). Figure 15 provides an example;

the damage-equivalent amplitudes for comparison as defined above.
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Figure 15 — Example of a load collective diagram with sum frequencies

7.7.7 Simplified load cases

7.7.7.1 General

For non-pressure tight vehicles (see 7.7.3.2) that are not deemed to operate on lines with maximum line
speeds above 200 km/h, the load cases in Table 14 may be applied to a complete rail vehicle body. Loads
on smaller components may be significantly larger.

NOTE Lines with two tracks are assumed, so trains can cross at maximum line speed.
7.7.7.2 Exceptional loads

The exceptional load according to Table 14 covers loads due to strong wind, tunnel operation and trains
crossing. The loads shall be applied perpendicular to and from all directions relative to the surface of the
vehicle.
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Table 14 — Simplified exceptional load cases for unsealed vehicles

Maximum design speed Load
km/h Pa ((\\
Vermax < 160 +1900 GO
S.
160 < Virmax < 200 +2500 \Qe

A
NOTE Values in Table 14 correspond to UIC 566 and were Validﬁ?’%aék and tunnel parameters of the

conventional German network. '\(\
‘G( ;

oads due to tunnel operation and trains crossing in the
rpendicular to and from all directions onto the surface of the

7.7.7.3 Fatigue loads

The fatigue loads according to Table{l!

open air. The loads shall be apyft ‘d‘
vehicle. X\\&

Table 15 — Simplified fatigue loads for 107 changes of load for unsealed vehicles

Maximum design speed Load
km/h Pa
Virmax < 200 + 800
NOTE Values in Table 15 were validated for the track and tunnel parameters of the conventional German

network.
7.8 Assessment of pressure sealing

7.8.1 General

There are three requirements for undertaking pressure sealing assessments of rail vehicles. The first is
associated with the assessment of aural pressure comfort for passengers and staff in trains. The second
is for the assessment of pressure loading on the rail vehicle structures during transits primarily through
tunnels, but also when passing other trains in the open air. The final requirement is for detecting leakage
paths through the train structure as part of the process to improve the sealing of the vehicles.

External pressures generated by a train passing through a tunnel are modified inside the train by the
degree of pressure sealing and this is used to control aural comfort, (see Annex B for details of pressure
comfort criteria). In turn, this leads to pressure loads across the train structure as the internal and
external pressures will not be the same, (see Annex D for details of pressure loadings in tunnels on
unsealed trains).

Pressure fluctuations outside a pressure sealed train vehicle can change the pressures inside the vehicle
by two main mechanisms:

a) The vehicle is deformed by the external pressure with a consequent change of volume. It has been
estimated that the internal pressure may vary by up to 10 % of the external pressure change through
this mechanism.

b) The pressure difference between the interior and exterior of the vehicle forces air through any
leakage paths, so that the internal pressure follows the external pressure changes with a time delay
and attenuation.

Due to these two mechanisms, a way is needed to describe how the internal pressure responds to the

external pressure changes. This is normally achieved by defining the air tightness of a train vehicle in
terms of either a pressure tightness coefficient, 7, or an equivalent leakage area, Sq. It is also a common
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assumption that the vehicle volume is considered as constant, despite its being dynamically deformable,
and that the effects due to (a) above can be ignored. The air-tightness of a vehicle differs when it is
stationary compared to when it is moving. In the latter case, small movements of the structure of the
vehicle relative to each other may alter the leakage paths, or leakage paths, which are relatively s ‘@\
when it is static, may open up due to the movement of the vehicle. There are thus dynamic, Tayn, ﬁéﬁ iC
Tsiat, Values of pressure tightness coefficient for rail vehicles. The values of Tsat, Tayn and S on the
value of the pressure difference and, in particular, on the sign of the pressure dlff

Due to its ease of measurement, static values of air-tightness are often use & vehicle production to
approximate the dynamic air-tightness of a vehicle in operatlon the latter may be several
times smaller than the former.

7.8.2 Dynamic pressure tightness
The air-tightness of a rail vehicle subject te \\1 mically varying external pressure, Tq4yn, is defined via
the formula: b
dp, (t k. dp, (t k. dp,|(t 1
0 ) S el e
dt 1+k, dt Tdyn(“k) 1+k, dt Tdyn(1+kr)

where:

Ap(t) is the differential pressure, (pe - pi), at time ¢t, (Pa);

De is the pressure external to the train, which varies with time (= pe(t)), (Pa);
pi is the train internal pressure, which varies with time (= pi(t)), (Pa);
ke is the vehicle structural rigidity factor (-).

The factor, k;, is a measure of the rigidity of the structure and represents the degree of external pressure
loading that transmits to the interior of the vehicle. If k. is not taken into account, the air tightness of the
vehicle will be overestimated. Values of k. lie in the range 0,05 to 0,1 for modern high speed passenger
vehicles. Ref [15] gives a method for determining k. for a vehicle subjected to an instantaneous external
pressure change. If k; is not known, it may be assumed to take the value k. = 0,1.

For a structurally rigid vehicle or if k. is ignored, k: = 0, and Formula (41) becomes:

e XU 42

7.8.3 Equivalent leakage area

The rate of change of the internal pressure, p;, can also be expressed in terms of the equivalent leakage
area, Seq, as:

dp k dp, c?S
T dt()“gn(ﬂp( ) (1i“kr)\/2pamb\ﬂp(t)\ (43)

int

where

C is the speed of sound, (m/s);
Vine  is the internal volume of the vehicle, (m3);
pamb  is the ambient atmospheric air density, (kg/m3);

Seq  is the equivalent leakage area, (m?2).
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For a structurally rigid vehicle or if k. is ignored, Formula (43) becomes:

2

% =sgn (Ap(t))- CVSeq lZpamb ‘Ap(t)‘ \ (44)
O

int

7.8.4 Test methods 66 .
7.8.4.1 General a‘\)g

There are two main test approaches to measuring t -N ess of train vehicles. In each case,
pressures are measured inside and outside the train. T sure tightness is determined by considering
how the relative pressure changes w1th tim ernal pressure tries to equalize to the external
pressure via leakage. Further lnform tlghtness may be found in Ref [16].

The first test approach is a statj 1zat10n test of a single train vehicle. The second method involves
testing a vehicle or set OWIH a train as it is in movement. In both types of test pressures are
measured inside and outsicke the train. The pressure tightness values obtained in each case are different
for the reasons mentioned above.

7.8.4.2 Static tests

In a static test, the pressure outside the train vehicle is constant. Tests shall be undertaken on a complete
single train vehicle with its ends sealed at the gangway connection. Any air leakage by the end seals shall
be negligible and shall be confirmed by a suitable test.

NOTE1 Ref[17] gives a method for testing the air tightness of sub-assemblies and components.

The vehicle should be placed in the test location sufficiently far in advance that the air conditions,
(pressure, temperature, humidity), inside become stabilized with respect to the exterior conditions.

Any systems installed that normally control pressure changes in tunnels, such as active shutter covers,
shall be set into their normal tunnel operational states or alternative measures put in place.

Pressures shall be measured using transducers on the exterior and interior of the vehicle. These shall be
calibrated prior to use over the expected pressure range, typically up to + 4 kPa. The measurement error
should be less than 2 %. The internal transducer location should be away from the air supply and away
from any suspected air leakage paths. In general, a suitable location is at the middle of the vehicle.

The absolute pressure of the air outside the vehicle, p.m, shall be measured throughout the tests.
Temperature shall be measured and humidity should be monitored inside and outside the vehicle during
the test. Acquisition of pressure, temperature and humidity shall comply with ISO 8756.

A suitable device, (e.g. a fan, compressed air), shall then either blow air into or extract air from the sealed
vehicle. The resulting pressure difference between inside and outside shall be representative of the
expected operation in tunnels. A typical value is up to 4 kPa. The device providing the pressurization shall
be sealed at the point of entry to the vehicle, and shall be capable of being shut off rapidly without any air
leakage to allow an accurate definition of the internal pressure at the start of the test. Nevertheless, there
should be a delay to allow stabilization of any residual variations of the internal pressure before starting
to record the internal pressure time history.

NOTE 2  Values of air tightness when measured using an over-pressure method can differ from values measured
during an under-pressure method, as individual leakage paths can change, open or close according to the pressure
differential.

The internal pressure relative to ambient is designated as pi. Once the required level of pressure
difference has been attained at time ¢, the fan shall be switched off and the time shall be measured until
the relative pressure reaches a value p; at time ¢t,. Figure 16 is a schematic showing the pressure variation
with time.
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Figure 16 — Schematic of the pressure decay in a static pressure test

Tests may proceed when the temperature difference between the inside and outside of the vehicle is less
than 5 K.

If equivalent leakage area is being determined, the internal volume, Vin, of the vehicle shall also be
determined. The measurement error shall be less than 5 %.

For a constant external pressure, Formula (41) can be solved to obtain the following expression for s,
—-t
! (45)
(1 + kr)ln(p1 /pz)

Tstat =

If p2 is chosen such that the ratio of p1 to p2 is equal to e = 2,718, then st = (£2 - t1). Table 16 below gives
some example pairs of p1 and p, which satisfy this relationship.

Table 16 — Example values of p1 and p; pairs

b1 D2

Pa Pa
4000 1470
3500 1290
3000 1100

For a constant external pressure, Formula (43) can be solved to give the following expression:

2
c%s (t —t) P 12 2p
Sl B T e R o o o

int eq

This solution can also give an expression for Seq:

s, ol [ 2 ](@_@) (47

c? (tz - tl) Pamb
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The ambient air density pamb, shall be calculated for the test conditions using the measured external
pressure, temperature, using the Formula (12). It is not necessary to allow for the effect of humidity in
the determination of density for this type of test, therefore it may be set to zero.

The speed of sound, c, shall be calculated from: Go((\\
c= [, Pam \)ges * (48)

Pamb

where vy is the adiabatic index of air. *

NOTE 3  Itis good practice to repeat tests and the av a@age values obtained.

.

nstant volume flow into or out of the vehicle is generated

. The appropriate formula can be found in EN 14752:2019,

An alternative test consists in a set up,
AN
.

and the pressure difference ii'@a

Annex C. \\‘\‘

7.8.5 Dynamic tests

In a dynamic test, the value(s) of t4yn is determined by comparing the temporal variations of the train’s
external and internal pressures during passage through a tunnel.

Pressures are measured using transducers on the exterior and interior of the train. These shall be
calibrated prior to use over the expected pressure range, typically * 4 kPa. The measurement error shall
be less than 2 %.

As a minimum, external pressure shall be measured at the nose of the train, in the middle and just ahead
of the tail.

If there is significant internal sealing between vehicles, it is also recommended to perform internal and
external pressure measurements on other cars, in addition to the first, the last and the middle car.

It may be sufficient to make a measurement of a single internal pressure, if the vehicles of the train are
not separately sealed, (e.g. with internal sealing doors) and the internal pressure is representative of the
pressure field inside the whole train. The internal measurements should be made close to the
measurement positions of the external measurements.

Shutters that are used to control pressures inside the train during transit through tunnels shall be closed
during the assessed testing period.

The speed of the train shall be known with a precision of 1 % and it is recommended that it should be
constant during the passage through the tunnel, to avoid air inertial effects within the train.

Data shall be sampled ata rate of 5 vi/Ln Hz or greater, with anti-aliasing filters having a cut-off frequency
of at most one quarter of the sampling rate. The results from the test will consist of time histories of
pressures external and internal to the train at a number of locations along the train. The pressure
tightness coefficient is determined by comparing the internal pressures with the external pressures at
the same positions along the train.

These may be analysed as follows to determine the value (s) of Tayn.

Formula (41) can be written in finite difference form from Ref. [18] as:

P,-(t+At)—P,-(t)+ 1 (. (4. 26) 5. (6)) -
At zfdyn(1+kr) ( I( ) 1( ))
27 4 (11 k) {pe (e 2e) e 1))+ (1 ]:rkr) [ AA? el (49)
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which relates internal pressures to external pressures at times t and ¢ + At. Successive values of 4y, shall
be chosen so that calculated values of the internal pressure match the measured values for each time step.

NOTE It could be necessary to choose different values of tayn according to the sign (positive/negative) o%\

pressure difference between the outside and the inside of the train. 0
It is permissible to use other methods of analysis to obtain T4 values. Considerati \: 1nternal
harmonization of pressures may be necessary to include in such an analysis. @

To obtain single values of 74y, an optimization of the comparison v%:bg essary using a best fit
statistical approach or equivalent.

In general, external and internal pressures at equivalent o@g ls along the train shall be analysed to
obtain 7g4yn. It is expected that the values obtained yyi ifferent due to variations in leakage along the
train and air inertial effects within the train.

A\ d

When limited internal pressure m nts are made, the comparison should be made with the
external pressure obtained by a M3 the external pressures at the external measurement points
closest to the internal pressure measurement location.
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Annex A
(informative)

Predictive formulae ((\\
cO

e
A.1 General a,ga'\)g

.
The following predictive formulae allow estimation OI@W rent pressure changes of the train-tunnel-
pressure signature and the aerodynamic drag, .

A.2 SNCF approach3 “\\

A.2.1 Entry of the nos\(ﬁ‘l?train

The amplitude of the wave front can be determined using the following formula:

4py = kpyMa [1 —%} (A1)
where
1
Y =¢ Ma ~-1 (A.2)
(1-8)
and
¢
1-(1-B)
A.2.2 Entry of the body of the train
The formula for quantifying Apy. is as follows:
2L,
Apg, = kpgMaX, [1+—C (1-Ma)X, |- 4py (A4)
Dh,tu
where
4L, 1 1 1
1= Dh,tu Cf,tu (E - 1} - (Cf,tr \/E + Cf,tu ) - Cn -1 (A-S)

(1) (1)

3 Gregoire et al. [1]
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_ 1 AL 1,1
X, = a + Dh’; Ceeu a 1 (1 _B)Z (A.6) \
_ o™
2 4L, 1 1 6 ‘G
Xy =+ —Cp, - S (A7)
Ma DhtUl _Ma (1_3) E \)

X, ++X2 - X, X X a’g
X :1+_ 2 T4z — 4143 G“\“ (A.8)

4 Xy M .
A.2.3 Entry of the rear of the train , \\

Apr can be approximated as Apr =W\A\J?

A.3 TU Vienna approach#4
A.3.1 General

Apfr

Apy
Ap,
Apy,

t

Figure A.1 — Calculation of a train-tunnel-pressure signature

A.3.2 Symbols

For the purposes of this annex, the following symbols apply:

Ciwr  friction coefficient of the train;

Ciry  friction coefficient of the tunnel;

Cxw  drag coefficient of the train in the tunnel;
Lt tail length;

Pey  train perimeter;

4 Sockel, [2].
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Pey, tunnel perimeter;
Ap1  pressure after train tail entrance;

Aps pressure increase due to friction effects; 0((\\
Y

Apn  pressure increase caused by nose entrance of the train; 6

Apup nose passing pressure drop; \)Q

Xy dummy variable; a’ga
Xn dummy variable; K
oy

Xir dummy variable;

Xt dummy variable;

ek loss coefficient f ‘Q\SOrtal;

Q1 loss coefficiern%“'{(ﬁ?crain;

¢n loss coefficient of the train nose in the tunnel;

o loss coefficient of the train nose in the open air;

Ch1 coefficient for additional loss of the train nose in the tunnel;
Gt loss coefficient of the train tail in the tunnel;

Cro loss coefficient of the train tail in the open air;

Ca coefficient for additional loss of the train tail in the tunnel.

A.3.3 Calculation of Apn

Apy can be calculated by solving the following nonlinear formula for Xy, which is the Mach number of the
flow ahead of the train:

2 2 2
Xh+(Ma—Xh) (1+Xh) 1- 1+Xh2 _é,h(Ma_Xh) (;H Xh) -0 (A.9) &
2 (1-B) 2(1-B)

NOTE The formulation of Formulae (A.9) and (A.13) were adjusted as referenced in [2].

{n takes into account friction effects and separation effects at the nose of the train.
2
Cp=CnoB+ChB (A.10)

(ho is the loss coefficient of the train nose in the open air. {y1 takes into account aerodynamic effects in the
tunnel and may be taken 0 for aerodynamically well shaped trains. The reference static pressure po can
be taken as the ambient pressure.

2K

k-1 -1
Xh]{ ~1/p, (A11)

Apy = {1+
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Figure A.3 — Solution X; of Formula (A.18) for different values of {1 = (s + s + {t with (g = 0,5

The nose passing pressure difference Apup can be calculated with X;, the solution of Formula (A.18) and

the following formulae.

K¢, (Ma - X, )2 (1 + X, )2

-1]|1+

Apyp = | x(Y -1+ X, )+ .
(1-5)
A.3.6 Calculation of the drag coefficient Cx

A.3.6.1 Method 1

The method should be applied for B > 0,05 only.

Ma—Xt
q:
1-a

a should be calculated with Formula (A.16).

X, (1+X,)-Ma(B+X,)
1-B

Ma-w =

80

(r+1)(Ma-X, )"

2(1+

Py

2
K;1XtJ (1—3)2

(A.20)

(A.21)

(A.22)

(A.23)
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Figure A.4 — Aerodynamic drag coefficient

If the aerodynamic drag coefficient Cx for the open air is known, the tunnel factor is given by

T, = 2 (A.26)

A.3.6.2 Method 2

The drag coefficient Cy for a train accelerated to steady train speed in the middle of the tunnel may be
calculated with the assumption of incompressible flow over the train by solving the following formula for
X4

My 1 ClB(l—Xd)Z—CZ(Xd—B) (Xd—B)z}o (A.27)
Ma (1-p)*
€ =BGy +Cu )+t Cf'”Pet}(LErl__Zf’)_ e (4.28)
tr
CftuPetuLtr
= = - A.29
S, 1o8) (-29)
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o =] (10 -y 1, ), - (430

(1-8)° \
The tunnel factor is given by Formula (A.26). C’O«\

A.4 GB approach, ignoring changes in air density and the s@% sound
A.4.1 General wg

In the GB approach, the air density and the speed qf Xre treated as constants, and these formulae
give satisfactory calculations of the pressure s up to a train Mach number of 0,4. (References: see

[19] and [20])
For the purposes of this anne ‘1\)\Ning symbols apply:
In train nose pressurems coefficient
G tunnel portal pressure loss coefficient
{r train tail pressure loss coefficient
Cir  train Fanning friction factor
Ciwa  tunnel Fanning friction factor
Pey perimeter of train
Pe., perimeter of tunnel
Uo  flow velocity in tunnel relative to train before train entry (NB for no flow in the tunnel,
Uo= —v,.

@ area ratio (1-Su/Sw)

A4, Ay, Az, By, By, B3, Cyq, Cz, C3 are dummy functions
A.4.2 Calculation of Apn

2
~B, —+|B? —4A,C,

Apy = A31
Py 2, (A.31)
where
1
A, -— (A.32)
pC
U
B=2| 0 | 1 (A33)
c gy +l
2
C, =pUg (A.34)
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A.4.3 Calculation of Aps:

A

Py

where

C

5 =

5 =

=pc| D

2

1 L Cf,trpetr +C
E{ tr

C.. Pe L v

Stu_Str

f.,tupetu
Stu - Str

fitu™ “tuTtrtr
=) ——¢c®

\\\\-\)

l Cf PetuLtthr
2 St "5

A.4.4 Calculation of Apr

ApT =

where

84

}+CUO

B, —+|B,2 —4A.C
2 2 272 |_y

2A

o |~ 4Py

-Ye-e

B:

3

—[c+vtr ¢(1+§p)}

2

——VtTr (1+§p)—c

2 2
7B —\[B,% —44,C, B +4B,% —44,C,
24 24

2
B, ++/B5 —44,C,

24

2

(A.36)

(A.37)

(A.38)

(A.39)

(A.40)

(A41)

(A42)
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Annex B
(informative)

Pressure comfort criteria GO((\\
=N

, 9

B.1 Genera a,g

The European Rail Research Institute (ERRI) suggestﬁ“ bwing basic comfort criteria.>

NOTE The values mentioned in B.2 and B.3 & imposed as a requirement on rolling stock. They could

be used in assessment of pressure comfo ) train operation in tunnels to be specified.
A\ d

B.2 Unsealed trains %&egl‘ly Tdyn < 0,5 5)°

The pressure experienced by a passenger on board a train should not exceed a change of:
— 4500 Pa within a period of 4 s for the worst case involving two trains passing in a double-track
tunnel in a critical crossing situation;

— 3000 Pa within a period of 4 s for a single-track tunnel.

The limit for a single train in a single-track tunnel is less (i.e. more stringent) than for the two train case
in a double-track tunnel due to the fact that the same pressures will occur in that tunnel every time that
train passes through that same tunnel at that same speed. Therefore, in effect, the worst case pressures
for that train can occur every time. For the two trains/double-track tunnel situation, the occurrence of
the worst (critical) case pressures is less frequent because it requires not only both trains to be passing
through at the same time but also for them to pass at a particular position within the tunnel. A raised limit
can therefore be allowed due to the lower statistical probability of this critical event occurring.

B.3 Sealed trains (generally T4yn > 0,5 s)

The pressure experienced by a passenger on board a train should not exceed a change of:

— 1000 Pa within a period of 1 s;
— 1600 Pa within a period of 4 s;
— 2000 Pa within a period of 10 s.

This criterion applies to the single-track tunnel case and to the case involving two trains passing in a
double-track tunnel in a critical crossing situation.

As the degree of sealing is increased, it is the pressure change occurring over longer time intervals that
becomes increasingly important for comfort.

NOTE Typical values tayn of sealed trains are in a range of 4 s to 20 s.

5 ERRI C 218, [4].

6 Tgyn IS the time constant characterising the pressure tightness of a moving rail vehicle, see 7.8 for details.
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Annex C
(informative)

Micro-pressure wave GO((\
C.1 General a,ga'
When the nose of a train enters a tunnel, a compression wav ted which propagates through the
tunnel at the speed of sound. At the exit portal the fthls compression wave” reflects as an

expansion wave and propagates back towa ortal A smaller part of the compression wave”
exits the tunnel and radiates outSIde 1n nimpulse-like micro-pressure wave (see Figure C.1).

The micro-pressure wave can c ommg noise and may lead to the rattling of structures like
windows, doors etc. and causes no e pollutlon in a wide area around the tunnel exit.

2

= | ]

Key
1 tunnel entrance portal (entry)
2 tunnel exit portal (exit)

Figure C.1 — Wave generation, propagation and radiation

C.2 Compression wave generation

The pressure gradient at the entry portal can be:

— measured in full-scale tests, or
— calculated with three dimensional numerical tools, or
— measured with moving model tests, or

— roughly estimated for streamlined noses and simple tunnel portals without hoods, flares, etc. by the
following formulae:

{a_pJ _ Ay (1)
at entry At
Ln
a=C, — (C.2)
Vir
NOTE Wave generation and the parameter maximum entry pressure gradient are the interface between rolling

stock and infrastructure as described in 5.2 and 6.2.
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C.3 Compression wave propagation

Depending on the initial gradient of the compression wave, steepening may lead to much

gradients at the exit portal if the tunnel is fitted with modern concrete slab track, which prxg\
dissipation to the propagating wave. In ballasted track tunnels, the gradient at the exit

than at the entry portal. 66 .

The steepening can be:

— measured in full-scale tests, or afga

— calculated with numerical tools, or G“\

— estimated by using Figure C.2. \

(OD/08) ot .

140

120 /’ /'
100

ol Ltu=7kr2/ /

60 /
40 I /

20 ]
———— ] | L L
3 6 9 12 15 18  (3p/0t) eptry
Key
(Op/ 0t)exit exit gradient, in kPa/s

(Op/0t)entry entry gradient, in kPa/s

Figure C.2 — Steepening in concrete slab tunnels

C.4 Micro-pressure wave radiation

The radiated micro-pressure pulse can be:

— measured in full-scale tests, or
— calculated with numerical tools, or

— measured in model tests, or

— roughly estimated for simple tunnel exit portals using”:

’ Qcr \ dt exit

7 Herb etal., [6].

eater

little

is smaller

(C.3)
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Where r (radius) is the distance between tunnel exit portal centre (on the ground) and the point of
interest (reception point, outside of tunnel) (see Figure C.3).

, 00«\\

A\
Key Q ‘\
1 reception point \\\'\'

Figure C.3 — Radiation of micro-pressure wave

Values for () are typically in the range of 2 to 4.

The limits for the application of the above formula are:

(d_Pj < APexit® (C.4)
dt Joqe (324,
T
and
24,
r>—= (C.5)
T
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Annex D
(informative)

Pressure loading on unsealed crossing trains GO((\\

02>

When the nose of a train passes another train, a pressure drop,o \%h travels with the relative
speed of the trains (see Figure D.1) along the passed {ra jaess Te increase occurs when the tail
passes. The gradient of these pressure changes mayg(\ h steeper than the gradients of the train-
induced pressure waves. Due to this steepn €3¢ pressure changes may lead to the loading of
unsealed vehicles. \

NOTE Unsealed trains can b erkdr trains or specific enclosed freight vehicles. The diagrams provided in
this annex are based on test mé door freight vehicles.

W

p

—m o o c——— = S—

Key
1 external pressure at the front
2 external pressure in the middle
3 external pressure at the rear

Figure D.1 — External pressure drop due to the nose passage of a crossing train

When the nose of the opposing train passes the front of the unsealed vehicle, the internal pressure starts
to decrease too. As the information about the pressure drop travels at the speed of sound inside the
vehicle, the internal pressure is nearly independent of the location inside the vehicle (see Figure D.2).
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pl
—— L 2 0('(\\
e e Y
1 R =i Q

i

c\M
Key )
1 internal pressure at the front \\M
A\ d
e

2 internal pressure in the middle
3 internal pressure at the rear

Figure D.2 — Internal pressure evolution inside an unsealed vehicle due to the nose passage of a
crossing train

Figure D.3 shows the differences between the internal and external pressures at locations at the front, in
the middle and at the rear of an unsealed vehicle during the nose passage of a crossing train.

At the front, both external and internal pressure drops start at the same time. Due to the steeper gradient
of the external pressure drop, the pressure difference generates a load from the inside to the outside,
which may be important for doors opening to the outside.

In the middle of the unsealed vehicle, the drop of the internal pressure starts earlier than the external
pressure drop, which has a steeper gradient. This initially leads to a pressure difference directed from
the outside to the inside, which then changes its direction.

At the rear end of the unsealed vehicle, the drop of the internal pressure starts earlier than the external
pressure drop. The resulting pressure difference generates a load from the outside to the inside, which
may be important for vehicles, such as swap bodies, covered with canvas or similar frangible materials.

p
\'
1 — n, ey e T
— = —rre— 7T e |

\]\\\\\.‘\‘/ /

Rl SNy K
2 JaNE /

3 N’

Key
1 pressure difference at the front
2 pressure difference in the middle
3 pressure difference at the rear

Figure D.3 — Pressure differences on an unsealed vehicle due to the nose passage of a crossing
train (pi-pe)
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The time that the nose of the crossing train takes to travel along an adjacent vehicle is

L
At =—veh \[D.l)
Vtr,l + Vtr,Z

This means that for the case of a moving vehicle the time for the nose passmgf:g)igls shorter. The
resulting mechanical forces may be higher, because of lateral accelerati ee-dimensional and

inertial effects, as shown in Figure D.4. g
-
o A%
cQ
‘U
A\\
Vi1 = L2 v % _ s
AV T L~ ’(i|’
. -
° — | "™ v, =0km/h
Apd,max
Key
Fmax maximum measured force on the door

Apdmax maximum difference between internal and external pressures

NOTE Each point represents a different passing train speed vir2.

Figure D.4 — Typical measured maximum forces on an unsealed vehicle door during the nose
passage of a crossing train
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Annex E
(informative)

Validation cases for the assessment of aerodynamic loads GO((\\
e
E.1 General ga\)g
. enera
a&

.
This annex provides validation cases for the assessment of a@mg}ic loads, see 7.7.
.

.

Following steps are suggested forﬁ«\g@n‘.
1) Use of the measurement data & ICE3 in the rainflow analysis according to 7.7.4.4 and comparison of
damage-equivalent amplitudes with the given values according to Table E.1;

E.2 Validation procedure \\

2) Comparison of simulated and measured pressure signatures for the four scenarios (no quantitative
criteria, graphical comparison) and definition of appropriate parameters for the train ICE3 and the
tunnel;

3) Use of simulated data for ICE3 in the rainflow analysis according to 7.7.4.4 and comparison of
damage-equivalent amplitudes with the given values according to Table E.1.

To validate the procedure, the four scenarios in Table E.1 should be used. For every scenario the
simulated pressure should be compared to the measured one. The simulated pressure signals should be
assessed with the method according to 7.7.4. The damage-equivalent amplitude should be compared to
Table E.1. The values in Table E.1 refer to an unclassified rainflow matrix. The assessment procedure
should be considered as validated if the computed damage equivalent amplitudes are within =10 % to
+30 % of the documented values. A damage-equivalent amplitude from a single tunnel passing as denoted
in Table E.1, is referring to the reference cycles N. = 1000 for demonstration only.

The measured pressure signals are available free of charge in electronic form at the TC 256 Secretariat
held by DIN FSF.
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Table E.1 — Parameters for scenarios for tunnel operations

Scenario Unit Solo1 Solo2 Cross1 Crossi‘
Train 1 - ICE3 DT ICE3 DT ICE3 DT
(400 m) (400 m) (400 m) g CYoom)
Train 2 - - - I ICE3 DT
A (400 m)
v
Ve m/s 75,9 ‘2‘6&‘\6 D 761 77,9
Ve m/s i { G\ 83,6 83,3
] Ny
At s s ‘\w 11,4 13,2
Temperature OC\. 0\ ‘\il\,!L 13,2 14,0 13,6
Atmospheric MA\MY o758 974,8 974,3 973,1
Pressure pam
Relative humidity H % 47,1 43,0 41,9 34,0
Tunnel - Fernthaltunnel | Fernthaltunnel | Fernthaltunnel | Fernthaltunnel
Length m 1555 1555 1555 1555
Cross section m?2 92 92 92 92
Sensor position X, m 1140 1140 1140 1140
Total simulation time S 120 120 120 120
Reference cycles NC - 1000 1000 1000 1000
S-N curve exponent k - 3 3 3 3
Damage-equivalent Pa 201,9 219,7 4473 332,9
amplitude peq

93



BS EN 14067-5:2021
EN 14067-5:2021+AC:2023 (E)

[7]

[10]

[11]

[12]

94

Bibliography

GREGOIRE R. RETY ]J.-M. MASBERNAT F., MORINERE V., BELLENOUE M., KAGEYAMA_T.

Experimental Study at Scale 1/70th and Numerical Simulations of the Generatj essure
Waves and Micro-pressure Waves due to High-speed Train-tunnel Entry, 1“ 1997
Proceedings, Valley d’Aosta, 1997 ga

-

SOCKEL H. FORMULAE FOR THE CALCULATION OF PRESSURE ML\ILWAY TUNNELS. In: Group
B.H.R. Proceedings of the 11th International Sym iL@ n Aerodynamics and Ventilation of
Vehicle Tunnels, Luzern, Switzerland, Volu €581 ff, July 2003

DB Netz AG: Richtlinie 853 Eis r‘l\kn el planen, bauen und instandhalten. Guideline on
planning, building and ma UNe’railway tunnels, 01.02.2013

ERRI C 218 RP 1, Pressure variations in tunnels - Base-line Comfort Criteria — A “Base-line”
pressure comfort criterion for unsealed and sealed train operation in tunnels, 1999-03

ERRI Conference, Cost-Effectiveness of Pressure-Sealed Coaches, 12-13 October 1999,
Proceedings

HERB ]., DEEG P., TIELKES T. Assessment of possible sonic boom effects in German high-speed
railway tunnels - experimental and numerical data for the wave steepening process. In: BHR
Group, Proceedings of the 11th International Symposium on Aerodynamics and Ventilation of
Vehicle Tunnels, Luzern, Switzerland, Volume 2, page 775-782, July 2003

EHRENDORFER K., REITERER M., SOCKEL H. Numerical Investigation of the Micro Pressure Wave, in:
TRANSAERO - A European Initiative on Transient Aerodynamics for Railway System
Optimisation. Ed. B. Schulte-Werning, R. Gregoire, A. Malfatti and G. Matschke. Results of the
Brite/Euram Project , Transient Aerodynamics for Railway System Optimisation®, Notes on
Numerical Fluid Mechanics 79, Springer-Verlag Berlin, 2002

0zAWA S., MAEDA T., MATSUMURA T., UCHIDA K. Micro-pressure Wave Radiating from Exits of
Shinkansen Tunnels, in: QR of RTRI, Vol. 34, N°2, May 1993

Leitfaden zur Bestimmung von aerodynamischen Lasten fiir Schienenfahrzeuge - SchliefSung
einer Regelungsliicke in EN 12663-1 und EN 14067 bei Wagenkastenfestigkeitsnachweisen®,
(guideline for the determination of aerodynamic loads for rolling stock, closing a regulatory gap
in EN 12663-1 and EN 14076-5 for car body structural strength proofs), written by Arbeitskreis
Aerodynamik in collaboration with DIN FSF NA 087-00-04 AA Festigkeit, Kollisionssicherheit,
Rev 02, published on www.eba.bund.de, 27.11.2014

Guideline , Ergdnzung zum Leitfaden zur Bestimmung von aerodynamischen Lasten fiir
Schienenfahrzeuge - Referenz-Szenarien fiir Ermiidungsnachweise”, (amendment to [9]
providing reference scenarios) written by Arbeitskreis Aerodynamik in collaboration with
DIN FSF NA 087-00-04 AA Festigkeit, Kollisionssicherheit, Rev 04, published on
www.eba.bund.de, 12.02.2019

VARDY A.E. Aerodynamic drag on trains in tunnels, Part 2: prediction and validation. Proc. Instn
Mech. Engrs. Part F. 1996, 210 (F1) pp. 39-49

SCHLICHTING H. Boundary-layer theory. McGraw-Hill, 1979



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

BS EN 14067-5:2021
EN 14067-5:2021+AC:2023 (E)

COMMISSION DECISION of 21 February 2008 concerning a technical specification for
interoperability relating to the ‘rolling stock’ sub-system of the trans-European high- speed rail
system, (2008/232/CE), Official Journal of the European Union, 26.3.2008

AeroTRAIN (Grant Agreement No. 233985) Aerodynamics: Total Regulatory Accg@gﬁo\r the
Interoperable Network

SIMA M. (2003), New Unifying Procedure for Working with Pre s@ﬁgness of Rail passenger
Vehicles, 11th ISAVVT, Lucerne, pp 743-757 Q

CEN-TC256-WG6_N0494 Seallng_ParameterZ@L\g\ference_w99.pdf

NF F 17-011, French standard (igs ember 1991) “Méthodes de mesure de I'étanchéité a
I'air d’un véhicule et de ses sod bles: Essais et Interprétation des résultats”. English title:
“Railway rolling-stQck wPement methods of airtightness of rail vehicle and its elements -

Tests and interpreti esults”

JOHNSON T., CHIU T.W. Numerical Methods in the Prediction of Pressure Fluctuations on Board
Trains Passing Through Tunnels. Journal of Mechanical Engineering, Vol. 50, No. c.3, 168-176,
1999

PoPE C W, GAWTHORPE R G and RICHARDS S P, “An experimental investigation into the effect of
train shape on the unsteady flows generated in tunnels”, Paper C2, 4th ISAVVT, BHRA, York, 23-
25 March 1982

GAWTHORPE R G, POPE C W and GREEN R H, “Analysis of train drag in various configurations of long
tunnel”, Paper G1, 3rd ISAVVT, BHRA, Sheffield, 19 -21 March 1979

Guide on the application of the common specifications of the register of Infrastructure According
to art 7 of Commission Implementing regulation (EU) 2019/777 of 16 May 2019 on the common
specifications for the register of railway infrastructure

ASTM E1049-85 (2017), Standard Practices for Cycle Counting in Fatigue Analysis, ASTM
International (American Society for testing a material), West Conshohocken, PA, 2017

EN 12663-1:2010+A1:2014, Railway applications - Structural requirements of railway vehicle
bodies - Part 1: Locomotives and passenger rolling stock (and alternative method for freight
wagons)

EN 12663-2:2010, Railway applications - Structural requirements of railway vehicle bodies -
Part 2: Freight wagons

EN 17343:2020, Railway applications - General terms and definitions
TSI LOC & PAS 2019, Commission regulation concerning a technical specification for
interoperability relating to the ‘rolling stock - locomotives and passenger rolling stock’

subsystem of the rail system in the European Union, (EU) 1302/2014, amended by (EU)
2019/776 dated 16 May 2019

95



NO COPYING WITHOUT BSI PERMISSION EXCEPT AS PERMITTED BY COPYRIGHT LAW

British Standards Institution (BSI)

BSI is the national body responsible for preparing British Standards and other
standards-related publications, information and services.

BSI is incorporated by Royal Charter. British Standards and Giber standardization
products are published by BSI Standards Limited.

About us . \\

We bring together business, industry, government, consumersg, | @\
and others to shape their combined experience and exp¥js %t' Qards
-based solutions.

The knowledge embodied in our standards has been carefully assembled in
a dependable format and refined through our open consultation process.
Organizations of all sizes and across all sectors choose standards to help
them achieve their goals.

Information on standards

We can provide you with the knowledge that your organization needs

to succeed. Find out more about British Standards by visiting our website at
bsigroup.com/standards or contacting our Customer Services team or
Knowledge Centre.

Buying standards

You can buy and download PDF versions of BSI publications, including British and
adopted European and international standards, through our website at bsigroup.
com/shop, where hard copies can also be purchased.

If you need international and foreign standards from other Standards Development
Organizations, hard copies can be ordered from our Customer Services team.

Copyright in BSI publications

All the content in BSI publications, including British Standards, is the property
of and copyrighted by BSI or some person or entity that owns copyright in the
information used (such as the international standardization bodies) and has
formally licensed such information to BSI for commercial publication and use.

Save for the provisions below, you may not transfer, share or disseminate any
portion of the standard to any other person. You may not adapt, distribute,
commercially exploit or publicly display the standard or any portion thereof in any
manner whatsoever without BSI's prior written consent.

Storing and using standards
Standards purchased in soft copy format:

e A British Standard purchased in soft copy format is licensed to a sole named
user for personal or internal company use only.

e The standard may be stored on more than one device provided that it is
accessible by the sole named user only and that only one copy is accessed at
any one time.

e A single paper copy may be printed for personal or internal company use only.

Standards purchased in hard copy format:

e A British Standard purchased in hard copy format is for personal or internal
company use only.

e [t may not be further reproduced — in any format — to create an additional copy.
This includes scanning of the document.

If you need more than one copy of the document, or if you wish to share the
document on an internal network, you can save money by choosing a subscription
product (see ‘Subscriptions’).

bsi.

Reproducing extracts

For permission to reproduce content from BSI publications contact the BSI
Copyright and Licensing team.

Subscriptions

Our range of subscription services are designed to make using standards

easier for you. For further information on our subscription products go to bsigroup.
com/subscriptions.

With British Standards Online (BSOL) you'll have instant access to over 55,000
British and adopted European and international standards from your desktop.

It's available 24/7 and is refreshed daily so you'll always be up to date.

You can keep in touch with standards developments and receive substantial
discounts on the purchase price of standards, both in single copy and subscription
format, by becoming a BSI Subscribing Member.

PLUS is an updating service exclusive to BSI Subscribing Members. You will
automatically receive the latest hard copy of your standards when they're

revised or replaced.

To find out more about becoming a BSI Subscribing Member and the benefits

of membership, please visit bsigroup.com/shop.

With a Multi-User Network Licence (MUNL) you are able to host standards
publications on your intranet. Licences can cover as few or as many users as you
wish. With updates supplied as soon as they're available, you can be sure your
documentation is current. For further information, email cservices@bsigroup.com.

Revisions
Our British Standards and other publications are updated by amendment or revision.

We continually improve the quality of our products and services to benefit your
business. If you find an inaccuracy or ambiguity within a British Standard or other
BSI publication please inform the Knowledge Centre.

Useful Contacts
Customer Services

Tel: +44 345 086 9001

Email: cservices@bsigroup.com

Subscriptions
Tel: +44 345 086 9001
Email: subscriptions@bsigroup.com

Knowledge Centre
Tel: +44 20 8996 7004
Email: knowledgecentre@bsigroup.com

Copyright & Licensing
Tel: +44 20 8996 7070
Email: copyright@bsigroup.com

BSI Group Headquarters
389 Chiswick High Road London W4 4AL UK



	undefined
	64_e_tp_consolidated
	
	1 Scope
	2 Normative references
	3 Terms and definitions
	4 Symbols and abbreviations
	5 Requirements on locomotives and passenger rolling stock
	5.1 Limitation of pressure variations inside tunnels
	5.1.1 General
	5.1.2 Requirements
	5.1.2.1 Reference case
	5.1.2.2 Fixed or pre-defined train compositions
	5.1.2.3 Single rolling stock units fitted with a driver’s cab
	5.1.2.4 Other passenger rolling stock

	5.1.3 Full conformity assessment
	5.1.4 Simplified conformity assessment

	5.2 Limitation of pressure gradient entering a tunnel (relative to micro-pressure wave generation)
	5.2.1 General
	5.2.2 Requirements
	5.2.2.1 General
	5.2.2.2 Reference case
	5.2.2.3 Rolling stock units fitted with a driver’s cab

	5.2.3 Simplified conformity assessment

	5.3 Resistance to aerodynamic loading
	5.3.1 General
	5.3.2 Requirements
	5.3.2.1 General
	5.3.2.2 Exceptional load cases for vehicle bodies
	5.3.2.3 Fatigue load cases for vehicle bodies
	5.3.2.4 Reference case for running in strong winds (exceptional load case)
	5.3.2.5 Reference case for open air passings (fatigue load case)
	5.3.2.6 Reference cases for exceptional loads in tunnel transit
	5.3.2.7 Reference cases for fatigue loads in tunnel transit

	5.3.3 Exceptional load assessment
	5.3.4 Fatigue load assessment
	5.3.5 Assessment in case of modification


	6 Requirements on infrastructure
	6.1 Limitation of pressure variations inside tunnels to meet the medical health criterion
	6.1.1 General
	6.1.2 Requirements
	6.1.2.1 Reference case
	6.1.2.2 Single track tunnels
	6.1.2.3 Double track tunnels
	6.1.2.4 Multi-track tunnels

	6.1.3 Full conformity assessment
	6.1.4 Simplified conformity assessment

	6.2 Limitation of pressure gradient entering a tunnel (relative to micro-pressure wave generation)
	6.2.1 General
	6.2.2 Reference case
	6.2.3 Requirements
	6.2.4 Assessment

	6.3 Further aspects of tunnel design
	6.3.1 General
	6.3.2 Aural pressure comfort
	6.3.3 Pressure loading on installations
	6.3.4 Induced airflows
	6.3.5 Aerodynamic drag
	6.3.6 Contact forces of pantograph to catenary
	6.3.7 Ventilation
	6.3.8 Workers’ safety
	6.3.9 Loads on vehicles in mixed traffic operation

	6.4 Additional aspects for underground stations
	6.4.1 Pressure changes
	6.4.2 Induced airflows
	6.4.3 Specific case for loads on platform barrier systems due to trains passing


	7 Methods and test procedures
	7.1  General
	7.2 Methods to determine pressure variations in tunnels
	7.2.1 General
	7.2.2 Full-scale measurements at fixed locations in a tunnel
	7.2.2.1 Test site
	7.2.2.2 Measurement positions
	7.2.2.3 Test train requirements
	7.2.2.4 Train speed requirements

	7.2.3 Instrumentation
	7.2.3.1 General
	7.2.3.2 Data acquisition system

	7.2.4 Full-scale measurements on the exterior of the train
	7.2.5 Predictive formulae
	7.2.6 Assessment by numerical simulation
	7.2.7 Reduced scale measurements at fixed locations in a tunnel

	7.3 Assessment of maximum pressure changes (vehicle reference case)
	7.3.1  General
	7.3.2 Transformation of measurement values by a factor (approach 1)
	7.3.3 Transformation of measurement values based on A.3.3 (approach 2)
	7.3.4 Transformation by simulation (approach 3)
	7.3.5 Assessment of the pressure time history
	7.3.6 Assessment quantities and comparison

	7.4 Assessment of maximum pressure changes (infrastructure reference case)
	7.4.1 General
	7.4.2 Assessment method

	7.5 Assessment of the pressure gradient of a train entering a tunnel (vehicle reference case, with respect to micro-pressure wave generation)
	7.5.1 General
	7.5.2 Assessment by simulations
	7.5.3 Assessment by moving model rig tests

	7.6 Assessment of the micro-pressure wave (infrastructure reference case)
	7.6.1 General
	7.6.2 Assessment by numerical simulations
	7.6.3 Assessment by moving model rig tests
	7.6.3.1 Reduced-scale moving model tests (infrastructure)
	7.6.3.2 Reduced-scale moving model tests (rolling stock)


	7.7 Assessment of aerodynamic loads
	7.7.1 Assessment of load due to strong wind
	7.7.2 Assessment of open air passings for fatigue load assessments
	Assessment of transient loads in tunnels
	7.7.3.1 General
	7.7.3.2 Train parameters
	7.7.3.3 Tunnel parameters
	7.7.3.4 Simulation parameters
	7.7.3.5 Calculation software
	7.7.3.6 Assessment
	7.7.3.7 Documentation

	7.7.4 Assessment of fatigue loads
	7.7.4.1 General
	7.7.4.2 Load collectives
	7.7.4.3 Train crossing frequencies
	7.7.4.4 Rainflow analysis

	7.7.5 Determination of the damage-equivalent load amplitude for scenario
	7.7.6 Documentation
	7.7.7 Simplified load cases
	7.7.7.1 General
	7.7.7.2 Exceptional loads
	7.7.7.3 Fatigue loads


	7.8 Assessment of pressure sealing
	7.8.1 General
	7.8.2 Dynamic pressure tightness
	7.8.3 Equivalent leakage area
	7.8.4 Test methods
	7.8.4.1 General
	7.8.4.2 Static tests

	7.8.5 Dynamic tests


	Annex A (informative)Predictive formulae
	A.1 General
	A.2 SNCF approach
	A.2.1  Entry of the nose of the train
	A.2.2 Entry of the body of the train
	A.2.3 Entry of the rear of the train

	A.3 TU Vienna approach
	A.3.1 General
	A.3.2 Symbols
	A.3.3 Calculation of ΔpN
	A.3.4 Calculation of Δpfr
	A.3.5 Calculation of ΔpT
	A.3.6 Calculation of the drag coefficient Cx,tu
	A.3.6.1 Method 1
	A.3.6.2 Method 2


	A.4 GB approach, ignoring changes in air density and the speed of sound
	A.4.1 General
	A.4.2 Calculation of ∆pN
	A.4.3 Calculation of ∆pfr
	A.4.4 Calculation of ∆pT


	Annex B (informative)Pressure comfort criteria
	B.1 General
	B.2 Unsealed trains (generally τdyn < 0,5 s)
	B.3 Sealed trains (generally τdyn > 0,5 s)

	Annex C (informative)Micro-pressure wave
	C.1 General
	C.2 Compression wave generation
	C.3 Compression wave propagation
	C.4 Micro-pressure wave radiation

	Annex D (informative)Pressure loading on unsealed crossing trains
	Annex E (informative)Validation cases for the assessment of aerodynamic loads
	E.1 General
	E.2 Validation procedure




