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Whole-body-vibrations and vibrations in buildings strgndepend on internal and external
sources acting on the studied structures. In addition tactmeparison of vibrations with
fixed limits, this paper focuses on relevant indicators @efiaccording to selected guidelines.
Various standards (or directives similar to standards3texnd and the choice of a relevant
indicator is a complex exercise. The most important and tbstrased ones, for ground
vibrations induced to buildings or for human exposure iedidildings, are presented. A first
step is based on the comparison of harmonic signals withaedihed and well-known limits.
Next, complex vibrations generated by railway traffic aredusy order to present a relevant
analysis of severity of each norm. The knowledge of theselstials allows the use of suitable
indicators and the studied criteria noticeably vary frone oeference to another. It is shown
that the thresholds are different for each standard.

1. Introduction

Railway induced ground vibrations can cause negative tsffec local communities situated
near rail lines. Although the current field of research isgily advancing, the problem and its solu-
tions are still not fully understood. This is because thgpgation of railway vibrations (particularly
in urban areas) is complex, due to the different transmigséths within a medium that is fundamen-
tally inhomogeneous and infinite in three directions. Meapunlike noise, vibrations are described
by various indicators.

In a growing number of situations, the influence of vibrasiom structural damage in buildings
and on people inside buildings can no longer be neglectedorgnall the difficulties associated
with the measurement of vibrations, the choice of a releiratitator is critical, and is often made
by relying on standards, especially in the context of baddilesign or diagnosis. This includes the
impact of vibration on people inside buildings located ia thcinity of external sources of vibration.
The transmission path of possible external sources is aoathle to soil/structure interaction and
to effective means for vibration isolation. If various soes exist, they do not act in the same way,
the generated level depends on the type of source (rail aaudl traffic, underground traffic, soil
compaction, blasts, ...), the soil configuration (surfaeergetry, presence of a rigid layer, water
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saturation of soils), the principal mode of propagationdfpand surface waves), and obviously the
distance from the source.

Two problems are commonly examined, most often within alsistydy: the human perception
and the damages on buildings. In the case of people residimgilidings, they receive vibrations pas-
sively and this plays a role on health and comfort. Vibragiafso affect the integrity of structures by
imposing dynamic loads sufficient to cause structural egifcracks are often the first visual impact
of excessive stresses). The interest of engineers in prsbdd impact of vibrations on buildings is
understandable. Consequently, they must evaluate thébjgdamage caused by their processes and
ensure that the level of generated vibrations in buildindisnet jeopardize the necessary comfort of
people. To assist hem, several standards exist, which dadieguate procedures and assessments.
The most important ones are:

¢ the international standards ISO [1, 2], which are often mered as a reference for comfort
evaluation,

e the recommendations [3] of the United States Departmentrafsportation (USDT) on the
assessment of potential vibration impacts resulting fragh{speed train lines,

e the German standards DIN 4150-2 [4] and DIN 4150-3 [5] use@@nmany, in Belgium and
other European countries,

e the Swiss standards SN 640 312a [6] for the building damaglgs o

All these baselines represent the most used assessmeatimgesdfor measurement and interpreta-
tional methodologies.

Research on recognizing the influence of vibrations and itiefinof criteria abounds on lit-
erature (see for example [7—10]). The perception of threlsfoy specific situations is often anal-
ysed [11, 12]. However, reflections about the retained pryreération indicator are scarce, which
is unfortunate, as when an indicator is retained, it mask®ntant information. For example, an ef-
fective value gives an overview of the motion level but magehshort-term and transient vibrations.
Different methods are associated to these working docwsvaemt proposed evaluations are based on
different indicators with, at first glance, any correlation

The purpose of this paper is to compare the aforementionédéigues, to analyse the associated
criteria and to present the most interesting vibrationagatbirs, based on the authors’ experience. Such
an analysis outlines the limit of these guidelines. Our &tep is to introduce the methodology. Two
kinds of signal are then chosen for this study: simple haimmtions and railway-induced ground
vibrations. It is important, in discussing the obtaineditess i.e. the effects of vibration on humans or
on building, to define exactly the methodology of assessioittie influence of transport vibrations
on people inside existing buildings and on buildings thdfnse

2. Passenger comfort and assessment of ground vibrations

One of the main issues in vehicle design is the improvemepas$enger comfort. Vibrations
generated by wheel/rail contact are transmitted into thecleitself. Similarly to stability, suspension
dynamic properties are designed with the aim to reduce tiratiton transmission in a high frequency
range, with the aim of health, comfort, and positive efferigshe passengers.

In order to accomplish this, the ISO standard [1] is deditdtevibrations felt inside vehi-
cles, and serves the purpose of reducing them. In 1997, tdaagion procedure was changed with
the definition of frequency-dependent filters related tovagt human position (standing, sitting or
sleeping) and direction of vibrations. These filters take account the human perception in the fre-
guency rangé—80 Hz, with special attention dedicated to the radg8 Hz where a resonance of the
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content of abdominal and thoracic cavities may occur (addgscus is also possible 80—80 Hz).
The weighted acceleratian, is derived from the time history of the measured accelemat{o) (the
British standard [13] is analogous to this ISO standard pbesents some minor differences on slant
curves). The old version of ISO 2631-1 (1985 version) wagthas a comparison of the frequency
signal to a third-octave band limit curve. The various glirass for comfort and health were defined
by a multiplication factor. The latest standards repreaeatiical change. A root-mean squarech§)
value is calculated and used to describe the steady vibratiplitude, assuming that the human body
responds to an average vibration amplitude during a reddides of 0 < ¢ < T

() = \/ = / a2 (t)dt | 1)

A guide on the effect of vibration on comfort and percepti®priovided with valuable limits defining
the grades of various magnitudes of reaction to vibratidriee effects on health are, however, less
well described. Only two bounds are given (a probable rigbibve the upper limit, an improbable
risk if below the lower limit), without any further explanan in case the calculated value lies within
the intermediate region. The time duration of vibrationngyovital for further health assessments.

This interpretation is entirely different from the one tel&to vibrations in buildings and their
transfer to the people inside them. In the case of evalusiimgide buildings [2], it is noteworthy
that only a single filter is defined, independent of the dicgcdf measurement and human position,
which focuses on the frequency rang0 Hz. Alternatively, as vibration is often non-stationary,
the DIN 4150-2 standard [4] proposes the use of a running;nme@an square applied to the velocity
signal. A weighted, time-averaged signal is defined by:

KBr(f) = \/ - [ KB ae @

where the weighted velocity sign&l B(t) is obtained by passing the original velocity signét)
through the high-pass filter

1

V14 (5B6/f)?

The filter is a function of the frequency. The assimilation time- is typically equal t00.125s,
which takes into account transient phenomena, such as tmpashocks, that would otherwise be
masked if a simplems operation was performed. Although no unit is specified insfamdards, the
associated unit is clearly /s (or more usuallynm/s). The only comfort that can then be assessed
is by comparing the maximum levé{ B, With three guideline limits denoted hy,, A, and

A,., used both for an entire evaluation and for the short-teeqguency vibrations as well. Part 3
of DIN 4150-3 [5] is entirely dedicated to vibration effeds structures. The peak particle velocity
PPV, which is defined as the maximum absolute amplitude of thecitgitime signal, is calculated
and compared to other limits, depending on the dominanesigequency. If multiple directions are
measured, the maximum of the three components 6r z) is

PPV = max(|vg|, |vy|, |v:]) (4)

Hip(f) = )

By taking into account velocity as a primary indicator, itpgssible to evaluate both human
comfort and building damage from a single signal. The Swiasdard [6] is similar to its German
counterpart DIN 4150-3 because it also useBRV, which is defined as the norm of the vector

velocity v(t):
PPV =, v+ v +v2. (5)
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If one direction is dominant in terms of amplitude, then baéffinitions are equivalent. The guidelines
are also different when an excitation frequency is intr@dloccasional, frequent or continuous
excitation) with limits being the function of the dominaigsal frequency.

Taking into account that vibrations consist of rapidly flueting motions, a decibel scale was
adopted by the U.S. Department of Transportation in ordeaveduate the vibrational impact of a
passing high-speed train [3]. As for the description of apthis scale is intended to compress the
range of numbers required to describe the vibration veldeitel, and is defined as:

Urms
VdB =20 loglo m (6)

whereu,.,s is the root mean square amplitude of the velocity time hystbiotice that no weighting
is applied to the signal, which is contrary to ISO standaréls. equivalent standardized weighted
vibration levelV L,z has been used in Japan to evaluate human response to \ibFatidrequencies
greater tha® Hz, the following relationship exists [3]

VLip =Vap —21. (7)

Typical levels of ground-borne vibrations are also prodide[3].

3. Harmonic excitation analysis

A harmonic signal is certainly the simplest vibration retolt can be encountered in practice
when the vibration is dominated by an important resonanaeraad/or when the excitation is clearly
mono-frequency. To be concise, the vibration amplitudeisdsed so as to define a vibratory motion

by
v(t) = Asin(27 ft) (8)

where the amplitudel is constant and the frequengycan vary froml to 100 Hz.

An initial analysis was used to evaluate human exposureschas theK Br(t) indicator be-
cause it uses “non-usual” operations compared to the othdelines. Figure 1 presents this indicator
as a function of the frequency, showing its time history (Fig. 1(a)) as well as its maximuaiue
(vibratory dose — Fig. 1(b)). The level clearly tends to tiffecive value of0.707 A, showing the
effect of the running-ms operation.

0.8 0.8 ‘
_ o o o 0
506 F0.61 ©
A g
= H
5047 — 1 Hz] %0.4 271
7 1% ig : g 1% iZ
5 —20Hz| 9 20 H
0.2 30 Hzf|] <02 Hz f
= |0 He ® gig He
—50 Hz 50 Hz
‘ ‘ ‘ —60 Hz ‘ ‘ ‘ ) 60 Hz
O 1 2 3 4 5 O 20 40 60
Time [s] Frequency [Hz]
(a) Weighted time historys By (t) (b) Vibratory dose Br max

Figure 1. DIN 4150-2 standards putting into practice on harmonicagn

Including the limits proposed by these baselines allowscthraparison in terms of comfort
evaluation. Figure 2 shows the results with a harmonic $igimplitudeA = 5 mm/s, sufficiently
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high to exceed the proposed limits, and an increasing sigegliency (note that an increase of am-
plitude translates the calculated curves vertically).eés@hcomments can be made on the results. The
limit is exceeded a& Hz, according to DIN, and a5 Hz according to ISO. Notice that the definitions
are different: for the DIN standards, limit, represents the borderline case from which the annoy-
ance is confirmed for any evendl,,, represents the limit below which the annoyance is not dedect
The number of events only plays a role if the vibration legetomprised betweeA, and A, (the
supplementary limitd,. is used in this case). In a different spirit, the ISO standbefines various
grades of annoyance. This means that a harmonic vibratimaistan be assumed strong for the DIN
standard and low for the ISO one if the frequency lies betvedénand15 Hz.

: 2. : : :
g ——limit A, b — Not uncomfortable
— limit A, —— Extremely uncomfortable
—Ar 1 2
VUM MM I —— _
é gl L1
~1.
g \E’
Eot F1
<9
m \8/ XXXXXXXXXX
< 05 e
0o | 20 | 40 | 60 06 | 20 | 40 | 60
Frequency [Hz] Frequency [Hz|
(a) Assessment according to the DIN 4150-2 (b) Assessment according to the 1ISO 2631-2

Figure 2. Comparison between standards DIN 4150-2 and ISO 2631-2afondnic signals

The second analysis is the effect on buildings. Only the Gerand Swiss standards give as-
sessment methods, correlating the PPV to the structuesisstFigure 3 displays the associated limits,
showing that they are close to each other. The Swiss stapdesénts the undeniable advantage to
consider explicitly the frequency of events. It is also alable that the DIN limits are approximately
to the SN limits for frequent to continuous excitations.

‘ —— SN 640 312a (occasional excitatiomy——— SN 640 312a (frequent excitation) ——-— SN 640 312a (continuous excitatiom}—— DIN 4150-3‘
Z = = 20
g g g
g 60 H 30 H
g — 3 g
g g g
@ j====== [0} [0}
S 20— ____._ ' S =
= R (e & &
B - & &
[ Q Q
= Y 50 wo = Y% 50 wo = Y% 50 100
Maximum frequency [Hz] Maximum frequency [Hz] Maximum frequency [Hz]
(a) Industrial buildings (b) Standard buildings (c) Sensitive buildings

Figure 3. Comparison between DIN 4150-3 and SN 640 312a for the eftectsiilding according to the type
of structure

4. Analysis with railway-induced ground vibration signals

The effect of train passages on ground vibrations is inteig®nd has been mainly treated
in the past. The purpose of this analyse is to quantify theirgpovibration levels with respect to

ICSV21, Beijing, China, July 13-17, 2014 5



21st International Congress on Sound and Vibration (ICSVR&ijing, China, 13-17 July 2014

the aforementioned indicators. An application is propdsased on the T2000 tram. Ground vibra-
tions problems are often developed in urban areas whgtaé distance between the source and the
receiver is close and2) singular rail surface defects are numerous and can signtficaffect the
ground vibration levels. The application of built enviroantis clearly a problem in urban area, more
common than those from high-speed trains. To propose mievad sufficient results, a numerical
model was developed by Kouroussis et al. [14] and validategveral cases. This prediction scheme
is based on a two-step approach, separating the vehicledrad the soil dynamics calculations, in
order to focus on detailed models of vehicles.

Figure 4 shows results from such a numerical model whichridessthe passage of a tram
on a singular rail surface defect. They are based on the lasitmu of vibrations in the vicitiny
of the building [15] placed at a distance #©fn from the track (the vibrations in the ground floor
surface of the house is described betwéemd11 m). It presents some time histories of the vertical
velocity at the ground surface at various distances frontrtiek and for a vehicle speed 8 km /h.
The corresponding frequency spectra are also includesisgdhat the main response frequency is
around20 Hz (a mean oR1.1 Hz is calculated for all the distance betweeand20 m). These results
are typical of important wheel/rail interactions where tghicle dynamics is clearly visible in the

ground-borne vibrations [16, 17].

At 4 m from the track At 8 m from the track At 12 m from the track At 16 m from the track
= = = =
g g g g
A A A A
= 0 > 0 L > 0 > 0
+ - e e
3) 3 K3} 3
2 2 2 2
§ -1 § -1 § -1 § -1
0 10 0 5 10 0 5 10 0 5 10
Time [s] Time [s] Time [s] Time [s]
(a) Time histories
At 4 m from the track At 8 m from the track At 12 m from the track At 16 m from the track
1 1 1

Y 5 ¥ 5

g g 5 g

£0.5 £0.5 £0.5 £0.5

8 8 B 8

g g g g

< < < <

o 50 100 o 50 100 Op 50 100 o 50 100
Frequency [Hz] Frequency [Hz] Frequency [Hz] Frequency [Hz]

(b) Frequency contents

Figure 4. Predicted results for vertical ground velocities due toghssage of a tram over a singular rail
surface defect in the vicitiny of a building

Figure 5 shows the corresponding indicators based on theraémtioned guidelines. The three
directions are analysed ,(y or z for horizontal parallel to the track, horizontal perpendie to the
track or vertical, respectively). While the vibration Iéue the vertical direction is the greatest, the
horizontal vibrations cannot be ignored. This statemenfioos the good practice rules observed in
experimental assessments to always record the threeidiractomponents of vibratory nuisances.
The four indicators, namely the peak particle velocity, ti@ximum weighted acceleration, the vi-
bration velocity level and the maximum weighted velocitysdppresent the same tendency: a strong
decrease in level in the near field (upsta) and a weak reduction abowé m from which they and
z direction amplitudes tend to the same values. ForRlk8” graph, the norm of the velocity vector
is calculated to facilitate the comparison with the SN 642e84tandard.

Adding the guideline limits to each plot reveals differebservations for human exposure:

e Forthe ISO 2631 standard, vibratory nuisance is avoidedrgrdistance from the track.
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Figure 5. Calculated indicators associated to the passage of a tramaaingular rail surface defect and as a
function of the distance from the track

e For the DIN 4150, no direct conclusion can be drawn. The nummbevents must be taken into
account.

e The recommendation of USDT clearly shows that infrequeahtare tolerated for vibrations
at distances beyorttim. This statement is close to the ISO recommendations.

Regarding the effects on buildings, the observations a@different depending on which rec-
ommendation is considered. For DIN 4150, structural dasagenot appear at any distance from
the track. For the SN 640 312a standard, the worst case agedistances smaller th@m and only
for continuous vibrations.

5. Concluding remarks

Common standards for the evaluation of vibration annoyameee reviewed in this work.
This paper also presented practical results based on meqaency excitation and railway-induced
ground vibrations. It appears that the assessment prokleamplex, since contradictory recommen-
dations are provided by the guidelines, both for human @ipasand for the effects on structures.
Additional research is required to provide a definitive asegent of the effects of vibrations.
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