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Environmental Impacts of High-Speed Rail. Part 2: Vibrations
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Summary

This article describes issues related to the environmental impact of vibrations generated by high-speed rail. It indicates the
most important legal regulations concerning the impact of vibrations on buildings and people in the buildings as well as
the main sources of vibrations generated by high-speed rail. The negative impact of vibrations on various elements of the
environment (people, buildings, animals) in the stage of construction, operation and decommissioning of high-speed rail
is determined. The most common ways of minimising that type of impact are outlined.
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1. Introduction

The first part of the series of articles on the impact
of high-speed rail on the environment described is-
sues related to the acoustic impact generated by high-
speed rail [1]. The most important legal regulations
concerning noise in rail transport were indicated and
the main sources of noise generated by high-speed rail
were determined. Negative acoustic impacts on vari-
ous elements of the environment at each stage of high-
speed rail operation were outlined, and the most fre-
quently used mitigating solutions were characterised.

The second part is an attempt to characterise the
most important issues associated with the impact of vi-
brations on the environment resulting from the opera-
tion of high-speed rail. It discusses the most important
legal regulations on the impact of vibrations, the sourc-
es of their formation and ways of minimising them.

2. Environmental vibration impact
assessment in legislation

European countries generally do not have compre-
hensive legislation regulating rail transport vibration
emissions. The available documents, which are based
on a number of national and international standards,
only define procedures and assessment of vibration
emissions generated by a line and railway vehicle [2].

At the European level, the issues of limiting the
negative impact of vibrations from rail transport are
laconically defined in Directive 2016/797 of the Com-
mission of the European Parliament and of the Coun-
cil (EU) of 11 May 2016 on the interoperability of the
rail system within the European Unio [3]. That docu-
ment only indicates that the operation of the railway
system must not exceed the unacceptable level of
ground vibrations in the vicinity of the infrastructure.

In Polish legislation, general provisions relating to
the emission of environmental pollutants, including
vibrations, are set out in the Environmental Protec-
tion Law [4]. That act specifies the necessity to incur
the costs of removing the effects of environmental
pollution by the entity causing it and also imposes an
obligation on the entity undertaking such activities
(the negative impact on the environment of which is
not yet recognised) to take all possible measures to
minimise that impact.

National legislation also specifies requirements as-
sociated with the construction of new buildings in the
vicinity of railway lines, indirectly defining the scope
of the zone of impact of railway vibrations on the en-
vironment. Those issues are contained in the Act on
Railway Transport [5] and the implementing act — the
Regulation of the Minister of Infrastructure of 7 Au-
gust 2008 on the distance requirements and condi-
tions allowing the location of trees and shrubs, acous-
tic protection elements and execution of groundworks
in the vicinity of railway lines, as well as the manner
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of arranging and maintaining snow screens and fire-
breaks [6].

It follows from the provisions of those acts that
structures and buildings may be located at a distance
of not less than 10 m from the border of the railway
area, however, the distance from the axis of the outer-
most track must not be less than 20 m, with the excep-
tion of structures and buildings intended for manag-
ing railway traffic, maintaining the railway line and
transporting people and goods.

The need to take the impact of vibrations into ac-
count also results from the provisions of the Regu-
lation of the Minister of Infrastructure of 12 April
2002 on the technical conditions to be fulfilled by
buildings and their locations [7]. The document [7]
states that (...) a building with rooms intended for hu-
man occupation should be erected outside the range
of dangers and nuisances specified in separate provi-
sions, while erection of buildings within such range is
permitted on condition that technical measures are
applied to reduce the nuisance below the level speci-
fied in the provisions or increase the resistance of the
building to the dangers and nuisances, if this is not
inconsistent with the conditions established for areas
of limited use, specified in separate provisions (...).
The above-mentioned nuisances include vibrations
(vibration).

The Regulation also determines the requirements
for vibrations coming into a building from outside
(e.g. from a railway line); a building should be lo-
cated in places least exposed to noise and vibrations.
Where vibrations exceed acceptable levels, effective
safeguards must be implemented [7]. Additionally,
buildings with rooms requiring protection from ex-
ternal vibration should be located at appropriate dis-
tances from the sources of the nuisance, adequately
positioned and shaped, the rooms should be arranged
in a rational way and vibration-absorbing elements
should be used [8].

The most important principles and criteria for
assessing the impact of vibrations on buildings and
people in the buildings, as well as guidelines for the
performance of measurements and analyses to evalu-
ate the level of vibrations, are set out in two Polish
standards:

e PN-B-02170:2016: Evaluation of harmfulness of vi-

brations transmitted by the ground to buildings [9],
e PN-B-02171:2017: Evaluation of vibrations influ-

ence on people in buildings [10].

The above standards are referred to by the provi-
sions of the Regulation7, described earlier in this sec-
tion, which clearly indicates that the assessment of the
impact of vibrations on buildings and people in the
buildings should be carried out in accordance with
the mentioned documents [11].
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The PN-B-02170:2016 [9] standard provides for
two ways of assessing the effect of vibrations on the
building structure:

o full assessment, which can be applied to any type
of building,

e an approximate assessment, which is only appli-
cable to the most common building classes.

To carry out a full assessment, it is necessary to:
make a building model for dynamic calculations,
assume the kinematic force by means of measured
or predicted vibrations of the foundations,

e carry out calculations of the dynamic forces acting
additionally on the building structure as a result of
vibrations,

o verify the strength of individual elements of the
building structure or their equivalent strength [12].

In the case of buildings made of prefabricated ele-
ments (large slabs, large blocks), having no more than
5 overground storeys, and buildings made of elements
intended for manual laying (bricks, hollow blocks), an
approximate assessment may be used. This is based on
the determination of the so-called dynamic influences
scale (SWD):

e SDW-I - applied to buildings of compact shape
with external floor plan dimensions not exceeding
15 m and with one or two storeys, none of which
exceed any of the floor plan dimensions,

e SWD-II — applicable to buildings up to 5 storeys
whose height is less than twice the smallest width
of the building, as well as to buildings up to 2 sto-
reys, which do not meet the conditions specified
for SWD-I [12, 13].

The standard [9] also defines the conditions for
omitting the assessment of the effect of vibrations on
the building structure if the amplitude of the hori-
zontal ground motion accelerations at the site of the
building foundation meets the following condition:

a,< 0,05 (1)

where: a, - peak ground acceleration constituting the
kinematic damping of the building [m/s*].

Based on relation (1), it is assumed that the im-
pact of vibrations on the building may be neglected in
design calculations if it is located at a distance great-
er than 25 m from the railway track axis. The above
condition refers only to the effect of this factor on the
building structure. It does not take into account the
effects of vibrations on the people in these buildings
or on sensitive equipment (e.g. servers) [8].

The assessment of the effect of vibrations on people
in buildings is defined by the standard [10]. It defines
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permissible vibration values to ensure the required
comfort under various occupancy conditions in liv-
ing quarters, workshops, offices and special-purpose
rooms (e.g. hospitals). The standard introduces two
methods by which the effects of vibrations on people
in buildings are to be determined. Both methods in-
volve assessing vibrations in the 1/3-octave frequency
bands from 1 Hz to 80 Hz [14, 15].

The first method of assessing the effect of vibra-
tions on people in buildings is based on measuring
the corrected value of the vibration acceleration (or
velocity) over the entire frequency band. Correction
involves introducing a correction filter into the mea-
surement track, resulting in a corrected RMS of the
acceleration (or speed). The standard [10] defines the
human perceptibility threshold for this parameter,
the value of which, equal to the acceleration along the
z-axis (along the spine axis), is 0.005 m/s* whereas
along the x and y axes (i.e. perpendicular to the spine
axis) it is 0.00036 m/s%. While relatively simple, this
method is information-poor. Even if the permissible
human vibration thresholds are exceeded for people
in buildings, no information is obtained about the
frequency band in which the exceedance occurred,
making it impossible to select appropriate vibration
reduction solutions [16].

Another method specified in the standard [10]
is the Root Mean Square (RMS) spectrum of the vi-
bration acceleration (or speed). To assess the hu-
man vibration comfort, it is necessary to use the
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corresponding nomograms, which are expressed in

a coordinate system (independently for the vertical z-

direction and the horizontal directions: x, y):

e vertical axis: RMS of the acceleration (velocity)
amplitude,

e horizontal axis: vibration frequency.

The lowest polygonal line should be regarded as
the human vibration perception threshold. Vibra-
tion values below that line are considered not per-
ceptible for humans, while values above it corre-
spond to a multiple of the perceptibility threshold.
The most common way to carry out this assessment
is to plot the results for the individual frequencies of
the middle terce bands as bars on nomograms. Be-
low is an example of a graph comparing the results
of the RMS spectrum method with the permissible
levels (Fig. 1).

3. Main sources of vibrations

Many factors influence the level of vibrations (and
their frequency) generated during high-speed rail ve-
hicle travel. The most important ones are the technical
condition of the vehicle, its speed, the type and condi-
tion of the surface, the substrate (ground), as well as
the distance and location of the structures affected by
vibrations, the structure’s type and condition and the
type of anti-vibration protection used [18].
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The sources of vibration from a passing railway
vehicle may include auxiliary equipment, compres-
sors (including air-conditioning compressors), unbal-
anced rotating masses of vehicle rotating components
(engine rotor) [19], and the overhead contact line
(as a result of interaction with the pantograph) [20].
However, the most important vibration source re-
sponsible for the negative impact on buildings and
the people inside is dynamic phenomena, defined as
time-varying force excitations at the wheel-rail inter-
face [21].

For phenomena occurring at the wheel-rail inter-
face, we can distinguish three main factors generating
these vibration processes:

e dynamic interactions depending on the uneven-
ness of the running surfaces,

e transmission of quasi-static loads on individual
wheelsets at the point of contact along the track,

e wheel and/or rail running surface irregularities

(e.g. rail joints, turnouts, crossings, flat spots, tread

build-up [22].

Additional vibration amplification factors at the
rolling surface contact point occur on the horizontal
curve of the track and are due to momentary lateral
forces. There are three main mechanisms for inducing
additional vibration:

e lateral influences between the top of the rail head
and the wheel running surface,

o wheel flange friction against the lateral part of the
rail head,

¢ longitudinal displacement due to varying sliding
of the wheel and rail running surfaces [23].

All these phenomena generate vibrations in the
low and medium frequency bands. The vibration gen-
erated by a railway vehicle is a function of its speed
and the wavelength of the irregularity, which is then
emitted as a wave through the track to the environ-
ment [19]. The specific effects of vibration from rail-
way vehicles are mainly characterized in terms of
Rayleigh and Love surface waves [24-26].

The longitudinal waves (Love waves) propagate at
a significant speed which causes them to fade rapidly
as the distance increases. In contrast, containing both
vertical and radial components of motion, a Rayleigh
wave is characterised by a combination of longitudi-
nal compression and dilation, as well as an elliptical
displacement of the surface in the vertical plane in the
direction of wave propagation. Due to their low velo-
city and high energy, Rayleigh waves diminish in pro-
portion to the square root of the distance. This type
of surface wave, carrying about 70% of the energy of
the whole wave, is the main factor in the vibrations
transmitted to the environment [19, 27, 28].
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4. Effects of vibrations on people and
buildings

Rail transport vibration is caused by human activ-
ity. The following aspects should be considered when
determining the effect of vibrations on a building or
the people in it:

e the source (type, frequency of occurrence),

e the propagation path (substrate type, distance,
propagation path),

e the mode of vibration reception (exposure time,
direction of reception, contact phenomena),

e vibration impact assessment (vibration dose, per-

missible thresholds) [14].

The analysis of the impact of vibrations received
by buildings and the people inside them should also
include a set of survey information criteria relating to
the elements under study. It is worth analysing wheth-
er the vibrations are controlled or dependent and ex-
amining their continuity and regularity, the exposure
duration, the frequency bands and amplitudes, as well
as the characteristics of the vibration source and the
structure (technical condition, foundation method,
dynamic properties, distribution of bracing) [14].

As mentioned in earlier chapters, the level of vi-
bration nuisance depends on many factors. The in-
dividual perception of each individual must also be
considered when assessing the impact of vibration.
Notably, vibrations may adversely affect not only peo-
ple and structures but also animals [29]. Thus, such an
assessment should also consider the impact on fauna,
by identifying local population structures or the state
of the natural environment. The impact of construc-
tion work and high-speed rail vibrations on animals
can be compared to acoustic impacts, which are de-
scribed in [1].

The impact analysis for a high-speed railway line
should cover the construction, operation and decom-
missioning phases [1].

In the construction phase, the negative impact of
vibrations will be connected mainly with the work of
heavy equipment (construction machines) and the
transport of construction materials and raw mater-
ials. The level of noise nuisance near the railway line
and access roads will vary greatly and be more no-
ticeable near the interchange (station), engineering
structure and other construction sites, as well as near
construction site camps and machine operation areas.
Construction work may cause discomfort among
nearby residents and wildlife; however, any such nui-
sance would be temporary, effectively ceasing once
the project is completed. Without a detailed analysis
of all the factors influencing the magnitude of vibra-
tion emissions (e.g. number and type of construction
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machinery, operating time, technical condition, char-
acteristics of the nearest buildings), it is impossible
to accurately predict vibrations during the construc-
tion phase. The same applies to any nearby buildings.
The lack of knowledge of all the parameters makes it
impossible to identify the impacts. Nonetheless, the
studies conducted so far allow us to conclude that, in
most cases, the impact of vibrations transmitted by
the ground to the building can be neglected if it is lo-
cated more than 20 m away from the source of vibra-
tions caused by construction work [8].

At the operational stage, the vibration nuisance
will be related to the movement of high-speed railway
vehicles. The input data used to develop the vibration
propagation model will enable the impacts on build-
ings and the people in them to be identified in de-
tail. Buildings near the high-speed railway line will be
exposed to negative vibration impacts (much like the
people inside them). The results of railway vibration
measurements in various buildings indicate that, in
most cases, excessive effects of vibrations on people
inside them can occur up to a distance of about 50 m
from the railway track [30].

Human exposure to vibrations can cause nega-
tive functional (short-term effects) and pathological
(long-term) effects. These depend on many vibration
parameters, including amplitude, frequency, expo-
sure time, human characteristics (age, gender, health
status) and the type of vibration isolation used. Fig. 2
shows the most important effects of vibration on
humans.

In the case of functional effects, most symptoms
pass when the vibration stimulus ceases to have an
effect or is reduced below the individual tolerance
threshold [19].
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To assess the effects of vibration on buildings, nor-
mative regulations [9] define damage zones, which are
based on a frequency-dependent plot of acceleration
amplitude [13]. The standard sets out five damage
zones with the following types of damage [13, 31, 32]:
e Zone I — vibrations with no effect on the building.
e Zone II - vibrations affecting the building’s finish-

ing elements (coatings, plaster). These vibrations
cause accelerated technical wear and tear on the
building but are not detrimental to its load-bear-
ing structure. This is the lower threshold for hair-
line and larger cracks in structural elements.

e Zone III — vibrations detrimental to the building’s
load-bearing structure, causing localised hairline
and larger cracks in structural and building ele-
ments. Coatings and plaster may fall off. This is the
lower threshold of severe building damage, affect-
ing the strength of individual structural elements
of the building.

e Zone IV — vibrations highly damaging to the
building, causing numerous cracks and local dam-
age, including damage to masonry and other indi-
vidual structural and building elements. It poses
a risk to the safety of the building’s users.

e Zone V — vibrations causing a risk of construction
disaster.

According to the standard [9], a building’s tech-
nical safety is ensured if the lower limit for the for-
mation of hairline and larger cracks in structural ele-
ments is not exceeded (Zone II).

The decommissioning phase of the high-speed rail
lines is bound to be associated with similar vibration im-
pacts as the construction phase. This is because such work
will be carried out using similar construction machinery.

Effects of vibrations on humans
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Negative functional effects
- short term impacts

Negative health effects
- long-term impacts

- motion discomfort,

- speech disorders,

- irritability,

- impaired memory,
- fatigue, insomnia.

Fig. 2. Effects of vibration on humans:

- increased motor reaction time,

- increased visual reaction time,

- impaired movement coordination,
- impaired colour discrimination,

— musculoskeletal and joint disorders,
mainly in the lumbar and cervical
spine and shoulder, hip and knee joints,

- internal organ disorders — digestive
system pathologies,

- respiratory and speech disorders,

- blood circulation disorders (peripheral
vasospasm),

- nervous system disorders (neuroses).

own elaboration based on [19]
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5. Solutions to minimise the impact of
vibrations on buildings and people

One important aspect related to the impact of vi-
brations on buildings and people is the use of appro-
priate minimisation solutions. It must be emphasised
that using just any vibration isolation will not have the
desired effect of reducing vibration levels. Not only
may poorly selected vibration isolation prove ineffec-
tive, but it may also increase vibration levels around the
railway line. It is therefore important to design effective
vibration mitigation solutions before applying them.
An analysis of the effectiveness of vibration isolation,
its parameters (stiffness, thickness, damping), ground
conditions, the condition and design of the track su-
perstructure, as well as the distance from buildings and
their design, will make it possible to select the optimal
solutions [30]. Mitigation solutions for high-speed rail
vibrations can be broken down into three phases: con-
struction, operation and decommissioning.

During the project implementation/decommission-
ing phase, the negative impacts can be reduced by:

e appropriate planning of construction work near
buildings exposed to excessive vibrations (e.g. by
limiting work to daytime),

e setting up construction camps and access roads
in areas where they will be less of a nuisance to
people and animals,

e using modern and efficient construction equip-
ment in good working order,

e regularly inspecting and maintaining construction
machinery,

e optimising the use of construction equipment and
means of transport (minimising unnecessary trips,
limiting idling of machinery, etc.).

During the operational phase, active protection,
i.e. reducing vibration emissions at the source, is most
often used to minimise the negative impact of vibra-
tion. It involves installing vibration isolation in the
track superstructure, including:

e under-ballast or under-slab vibration isolation mats,
e vibration isolation pads, under-ballast pads, un-
der-block pads,

elastic rail clips,

rail pads,

rail joint bars using rail profiles [33-40].

Further, solutions to minimise vibrations at the
source are also used on high-speed railway vehicles.
The most commonly used measures to mitigate ve-
hicle vibrations include:

e improving the wheel rolling surface (roundness),
e reducing unsprung mass,
e introducing sprung mass [41-44].
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If active protection (at the source) is impossible,
solutions are applied along the vibration propagation
route or directly at the structure at risk (passive protec-
tion). The most commonly used propagation route so-
lutions are anti-vibration screens/baffles installed in the
ground. This entails placing a material into the ground
which, due to its properties (density, stiffness), can ab-
sorb vibrations from the surrounding soil [45-49].

Passive protection of buildings at risk involves the
application of vibration isolation to the entire struc-
ture or individual elements. The most commonly used
solutions include:

e vibration isolation mats,
e elastomeric vibration isolators,
e air-cushion isolators [50].

In the case of new buildings, priority should be
given to erecting them in areas where the applicable
vibration levels are not exceeded. Newly designed
buildings should incorporate state-of-the-art tech-
niques and the anti-vibration protection described so
that the vibrations to which the building will be ex-
posed do not exceed acceptable thresholds and do not
pose a risk to the occupants.

6. Conclusion

The entire transport system, including high-speed
rail, has always been accompanied by dynamic im-
pacts that transfer vibrations to the environment. The
need to minimise their negative effects on buildings
and the people in them has led to the development
of complex vibration isolation systems that limit the
propagation of vibrations. Preparing a proper design
and selecting the right solutions is impossible without
accurate and detailed identification of the effects of
vibrations generated by high-speed rail.

This article aims to provide an overview of the vibra-
tion impacts generated by high-speed rail. It discusses
the most important legal regulations concerning vibra-
tions in railway transport and characterises their main
sources. Further, it attempts to determine the negative
impact of vibrations on buildings and the people in-
side them, as well as on the natural environment near
high-speed railways, including the local fauna. Lastly, it
presents the main solutions used to minimise the nega-
tive impact of vibrations on the analysed elements of
the surroundings and natural environment.
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