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Abstract 
 

Internationally accepted exposure-response relationships show that railway noise causes less annoyance than road 
traffic and aircraft noise. Railway transport, both passenger and freight transport, is increasing, and new railway 
lines are planned for environmental reasons. The combination of more frequent railway traffic and faster and 
heavier trains will, most probably, lead to more disturbances from railway traffic in the near future. To effectively 
plan for mitigations against noise and vibration from railway traffic, new studies are needed to obtain a better basis 
of knowledge. The main objectives of the present study was to investigate how the relationship between noise 
levels from railway traffic and general annoyance is influenced by (i) number of trains, (ii) the presence of ground 
borne vibrations, and (iii) building situational factors, such as orientation of balcony/patio and bedroom window. 
Socio-acoustic field studies were executed in residential areas; (1) with relatively intense railway traffic; (2) with 
strong vibrations, and; (3) with the most intense railway traffic in the country. Data was obtained for 1695 
respondents exposed to sound levels ranging from L Aeq,24h 45 to 65 dB. Both number of trains and presence of 
ground-borne vibrations, and not just the noise level per se, are of relevance for how annoying railway noise is 
perceived. The results imply that, for the proportion annoyed to be equal, a 5 - 7 dB lower noise level is needed in 
areas where the railway traffic causes strong ground-borne vibrations and in areas with a very large number of 
trains. General noise annoyance was twice as high among residents in dwellings with balcony / patio oriented 
towards the railway and about 1.5 times higher among residents with bedroom windows facing the railway. 
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The impact of environmental noise on health and well-being is well documented in the literature. [1],[2],[3] WHO has 
summarized the scientific evidence on the harmful impacts of noise on health and made recommendations on 
guideline values to protect public health. [2] According to the recent report by WHO on estimated burden of disease 
of environmental noise, [4] one in three individuals in Europe is annoyed during the daytime and one in five has 
disturbed sleep at night because of traffic noise. Epidemiological evidence indicates, furthermore, that those 
chronically exposed to high levels of environmental noise have an increased risk of cardiovascular diseases such 
as myocardial infarction. 
 
Environmental noise from transport is increasing, and in year 2000, about 44% or over 210 million people of the 
population within EU (25 of the 27 EU countries) were exposed to road traffic noise levels above 55 dB (den Boer 
and Schroten, 2007, p. 12). [5] 55 dB is the WHO guideline value for outdoor noise levels and the threshold for 
protecting most people from becoming "seriously annoyed." Railway traffic noise is a burden to fewer people, about 
7% or 35 million people in the EU were exposed to railway noise above 55 dB in year 2000 (den Boer and 
Schroten, 2007, p. 12). [5] In Sweden, about 225,000 people are exposed to railway noise [6] and about eight times 
more, or 1, 700, 000 people, are exposed to road traffic noise outside their dwellings exceeding A-weighted 
equivalent sound pressure level over 24h (L Aeq,24h ) 55 dB, which is the long term goal for outdoor noise levels in 
Sweden adopted by the Swedish Parliament in 1997. [7] 
 
Internationally accepted exposure-response relationships based on meta-analyzes of a large number of 
international studies show that railway noise is estimated to cause less annoyance than road traffic (and aircraft) 
noise at the same noise level. [8],[9] However, findings in recent years from Japanese studies by Morihara et al. 
[10] and Korean studies by Lim et al. [11] show, unlike most European studies, that railway noise is perceived as 
more annoying than road traffic noise at sound levels above L Aeq,24h 55 dB (see also review by Öhrström and 
Skånberg). [12] This applies particularly to the Japanese Shinkansen express trains, but also to conventional trains. 
Several of the Japanese studies have been done in areas with a very large number of trains (about 500 - 800 
trains/24h). The very intense railway traffic may thus contribute to the high proportion annoyed by railway noise in 
Japan compared to European countries. In Sweden, the main railway lines have on average 150 - 200 trains/24h 
and at the railway lines in the three largest city areas, there are at most about 150 - 500 trains/24h, while other 
railway lines have much fewer trains. [13] The number of trains in the Swedish study on railway and road traffic 
noise in Lerum municipality [14] was quite high, 196/24h, but there are no studies in Sweden on the effect of a very 
large number of trains in terms of general noise annoyance and other health effects of railway noise. The present 
study aims to investigate the effects of railway noise in an area with the most intensive railway traffic in Sweden. 
 
Railway traffic may, in addition to noise, also cause problems with ground-borne vibrations, especially in areas 
where the ground consists of clay. In Sweden, about 141 km railway lines with approximately 6, 560 dwellings are 
estimated to be exposed to ground-borne vibrations induced by trains that exceed 0.35 mm/s and about 920 
dwellings with a vibration velocity that exceeds 1.4 mm/s inside the dwelling. [15] The policy by The Swedish 
Transport Administration and the Swedish Environmental Protection Agency [16] is a level of at most 0.4 mm/s as a 
long term goal for vibrations in dwellings. Vibrations velocities of 0.5 mm/s are "clearly noticeable" and velocities 
above 1.2 - 1.5 mm/s are by most people characterized as "strongly noticeable." [17] Vibration has been reported to 
cause a number of different effects such as fear of damage to the house, that they make things move or furniture / 
household items rattle, as well as sleep disturbances. [18] A recent literature review by Öhrström and Skånberg [12] 
shows that there is little knowledge on the health effects of railway vibrations alone or vibrations in combination with 
railway noise. The results obtained from field studies [19],[20],[21],[22] point, however, in the same direction, i.e. 
that railway noise annoyance is considerably higher in areas simultaneously exposed to vibrations. 
 
Railway transport, both passenger and freight transport, is increasing, and new railway lines are planned for 
environmental reasons. [23] The combination of more frequent railway traffic and faster and heavier trains will, most
probably, lead to more disturbances in the near future. To effectively plan for mitigations against noise and vibration 
from railway traffic, new studies are urgently needed to obtain a better basis of knowledge on the adverse effects of 
combined effects of railway noise and vibration. The research project "TVANE" (Train Vibration and Noise Effects) 
conducted between 2006 - 2011 investigates in a series of empirical field studies and laboratory experiments how 
human responses (health and well-being including annoyance and sleep disturbances) are affected by (a) railway 
traffic and road traffic noise per se, (b) combined exposure to railway noise and vibrations, and (c) intense railway 
traffic (see www.tvane.se). 
 



Objectives of the study 
 
The main objectives of the present study as part of the TVANE project were to obtain new knowledge from 
empirical field studies on how the relationship between noise levels from railway traffic and general annoyance is 
influenced by (1) the number of trains and (2) the presence of ground-borne vibrations from railway traffic. Another 
aim (3) was to study the impact of building situational factors, such as orientation of balcony / patio and orientation 
of bedroom window, on general annoyance to railway noise. 
 

 Methods  

 
 
Selection of study areas 
 
For the present study, two study sites (Töreboda and Falköping) were selected in areas with relatively intense 
railway traffic and no vibrations from railway traffic. These two sites will, henceforth, be called "Area 1.0" Another 
two study sites (Alingsås and Kungsbacka) were selected in areas with approximately the same number of trains as 
in Area 1 but where the trains induced strong vibrations in the ground and the dwellings (henceforth "Area 2.") The 
three study sites (Töreboda, Falköping, and Alingsås) are situated at the railway line "Västra Stambanan" between 
Gothenburg and Stockholm, and the fourth study site (Kungsbacka) is situated at the railway line "Västkustbanan" 
south of Gothenburg. A fifth study site (Sollentuna) was selected in an area that is exposed to the most intense 
railway traffic in Sweden (henceforth "Area 3.") This study site is situated at the railway line "Ostkustbanan" north of 
Stockholm. 
 
Distribution of train types on the railway lines, assessment of noise levels, and description of noise exposure 
 
[Table 1] lists the distribution of train types running on the railway lines in the three study areas. The number of 
trains/24h on the two parallel tracks in Area 1 was 124: 78 passenger trains (a majority is commuter and high speed 
trains) and 46 freight trains (40 of them during evening and night). The number of trains/24h in Area 2 was higher 
(206 in site Alingsås and 179 in site Kungsbacka) than in Area 1 due to local traffic with commuter trains between 
Alingsås-Gothenburg-Kungsbacka (105 and 146, respectively). This type of train has a much lower sound level and 
is considered as the least annoying type of train. [21] The number of freight trains in Area 2 was 48 and 22 for 
Alingsås and Kungsbacka, respectively (a majority of the freight trains passes during evening and night). In Area 3, 
the number of trains/24h on the four parallel tracks was 481. Most of them are passenger trains (446), which 
includes commuter trains (155), electrical locomotives with passenger cars (103), and high speed trains (188), the 
main part of the latter (166) travel round trip to Arlanda Airport with a speed of about 200 km/h. Fifteen trains are 
freight trains, of which 12 run during evening and night.{Table 1} 
 
Preliminary calculations of noise and measurements for control of noise and vibration levels were performed before 
the final selection of study areas. A GIS-based method was used to determine the noise levels. Calculations of 
noise levels at the most exposed side were provided for each residential building using the standardized model 
Nordic Prediction Method [24] and the calculation program Cadna. All calculation points were determined at 2 and 
at 4 meters above the ground as free field values. Sound levels were calculated as L Aeq,24h , L Aeq day, evening,
and night, and as L AFmax and L den . The results in the present study are based on data in the L Aeq,24h range 
from 41-65 dB, but are presented in relation to both L Aeq,24h and L den as determined 2 meters above ground. 
[Table 2] provides the statistics for sound levels and distance to the railway line for the three study areas. As can be 
seen in [Table 2], the difference in mean value between L den and L Aeq is smaller in Area 3 (4.6 dB versus ca. 7.3 
dB in Area 1 and Area 2, respectively) since only 12 freight trains are passing during evening and night in Area 3.
{Table 2} 
 
Assessment of vibration velocity and description of vibration exposure 
 
The Swedish Transport Administration use a weighted vibration velocity expressed in mm/s indoors as the main 
vibration indicator. The Swedish measurement method [25] uses the same frequency weighting and overall 
approach as the Norwegian method, [26] but the absolute maximum measured vibration velocity is recorded instead 
of the 95 percentile. All three vibration directions are measured on the floor indoors, and the maximum level of all 
directions with a 1 s exponential time weighting (known as SLOW weighting for acoustic signals) is taken as the 
measured value. 



 
In the measurement campaign performed within the TVANE project, which results are used here, the ground 
vibration in a point close to the building was also measured but only in the vertical direction. Finally, a reference 
point close to the track was measured also in the vertical direction. For more details on the measurement method 
and results, see technical report from the TVANE project. [27] See also the Table in Appendix, which shows the 
conversion of weighted vibration velocity expressed as mm/s to unweighted acceleration in m/ s 2 . In the study 
sites of Area 2 (Vibrations), a total of 16 measurements were performed, 6 in Kungsbacka and 10 in Alingsås. All 
measurements were done at least over one night, which is when most of the freight traffic occurs, and the distance 
from the track varied from 25 to 300 meters. The ground vibrations followed a rather simple pattern where the 
measured vibration velocity declined by approximately 47% for each doubling of distance from the railway. The 
indoor level is strongly dependent on the details of the building. In Kungsbacka, all houses in the investigated area 
were of similar size and construction, and the ratio of indoor to ground vibration velocity was close to 1, meaning 
that the vibration strength was similar in the ground as in the building itself. In Alingsås, the building type varied a lot 
more, and the ratio of indoor to outdoor vibration varied from 0.7 (building vibrates less than ground) to 5.3 (building 
vibrates much more than ground). The dominating frequency component of the indoor vibration was typically 
between 4 and 12 Hz. 
 
[INLINE:1] 
 
Since it was unfeasible to measure at all locations in were the questionnaires were distributed, a simple prediction 
method was used based on the measurement results from the same site. At a distance of 100 m from the track, the 
predicted maximum ground vibration velocity was 0.6 for Alingsås and 0.4 for Kungsbacka. At other distances, the 
vibration velocity can be determined by scaling with 47% for each doubling of distance. Since the vibration velocity 
was similar indoors and in the ground in Kungsbacka, it was possible to predict an indoor level for this site, but that 
was not possible for Alingsås. 
 
A few samples were also taken at the areas where little or no vibrations were expected, and the results verify that 
the vibration levels were indeed lower, about three to ten times lower in the ground. Although no indoor 
measurements were performed, the dominating frequencies were also higher, around 50 Hz, which makes the 
indoor levels at least ten times lower than in the areas sensitive to vibrations. 
 
Study sample 
 
[Table 3] shows the study periods and the number of participants in 5 dB sound exposure categories in L Aeq,24h 
for the three study areas. The study comprised in total 1695 participants, and the overall response rate was 53%.
{Table 3} 
 
In the three study areas, the mean age of the respondents ranged between 48 and 52 years. Somewhat more men 
than women participated in Area 2 (56%); however, the reverse was the case in Area 1 and Area 3 (54% and 56% 
were women, respectively). A smaller proportion of the respondents in Area 1 (59%) were married or de facto co-
habiting than in the two other areas (76% and 74%). A majority of the respondents in the three areas were 
employed or had their own company (range 64-71 %), and the rest had different status such as studying, retirement 
(early retirement, sickness- or old-age pensioner), unemployed, or were on sick- or parental leave. In Area 3, a 
larger proportion (49%) had a high level of education (≥ 3 years at university) than in the other areas (11% and 
29%). The average time of residence was somewhat shorter in Area 1 (10.2 years) than in Areas 2 and 3 (16.1 and 
15.1, respectively). More respondents in Area 2 and 3 (74% and 73 %, respectively) lived in detached houses than 
in Area 1 (50%). Sensitivity to sound / noise was reported by least respondents in Area 1 (20%), whereas in Areas 
2 and 3, the proportion was higher (about 30%). Except for sensitivity to sound / noise, none of the above-
mentioned demographic factors together with the building situational factors (what year the house was built and 
triple-glazed or two-glazed windows/other) were associated with noise annoyance in any of the study areas. 
 
Evaluation of effects 
 
Annoyance and other health effects were evaluated using a questionnaire. The format is based on questionnaires 
previously used in larger epidemiological studies of noise annoyance in Sweden [28],[14] and included 50 questions 
in total. The questionnaire was sent by mail to selected persons (all persons aged 18 to 75 years) together with an 
introductory letter in April 2007 (Area 1), November 2007 (Area 2), and in April 2008 (Area 3), which presented the 
survey as a study on the environment, human health, and well-being. Two reminder letters were sent out with 10-



day intervals to those who did not respond to the questionnaire. The first reminder consisted only of a letter while 
the other consisted of the reminder letter and a new questionnaire. 
 
General annoyance caused by railway noise was evaluated with a 5-point category scale ("not at all," "slightly," 
"moderately," "very," and "extremely") and an 11-point numerical scale (0-10 with verbal endpoints "not at all" and 
"extremely") according to the ISO specification of annoyance scales. [29] The questions were phrased as follows: 
"Thinking about the last 12 months or so, when you are here at home, how much does noise from (source) annoy 
or disturb you." Annoyance caused by railway vibrations was evaluated with an 11-point numerical scale (0-10 with 
verbal endpoints "not at all annoyed" and "extremely annoyed") and a 6-point category scale ("don΄t notice," "notice, 
but not annoyed," "slightly annoyed," "moderately annoyed," "very annoyed," and "extremely annoyed.") The reason 
for using "don't notice" as the anchoring point response for the vibration question in comparison to "not at all" for the 
noise annoyance questions is that vibrations can be perceived through both signs of e.g. items rattling and through 
bodily perceptions and, therefore, the perception of vibrations is considered to be better captured by this type of 
response scale. [30] The use of the two annoyance scales on vibrations make it also possible to compare the 
results with previously performed studies on railway vibrations in Sweden. [21]  
 
In the presentation of the results on noise and vibration annoyance, the "annoyed" category (%A) consists of those 
who were "moderately," "very," or "extremely" annoyed on the category scales, and the "highly annoyed" category 
(%HA) consists of those who were "very" or "extremely" annoyed on the category scales. 
 
Statistical analysis 
 
Binary logistic regression analyzes was used to estimate the relationship between noise annoyance and the level of 
railway noise exposure (L Aeq,24h , L den ) and between railway-induced vibration annoyance and vibration 
velocity (mm/s). The Spearman's Rank Order correlation test (rS ) was used to determine the relationship between
categorical variables and between categorical and continuous variables. Differences in proportions for categorical 
variables were determined with the Chi-square test (χ2 ). All tests were two-tailed, and a P-value below 0.05 was 
chosen as the threshold for considering a given relationship significant. Statistical analyzes were conducted with 
SPSS Statistics 18. 
 

 Results  

 
 
Noise annoyance increases in areas with ground-borne vibrations or with intense railway traffic 
 
The relation between sound levels in L Aeq,24h and L den from railway traffic and general noise annoyance (%A 
and %HA) was analyzed with binary logistic regression, see [Figure 1] and [Figure 2], respectively. Separate 
analyzes were done for each of the three study areas. For Area 1 (No vibrations), the odds of being annoyed (%A) 
by railway noise increased by 18% (OR = 1.18, 95% CI = 1.10 - 1.25), for Area 2 (Vibrations) by 19% (OR = 1.19, 
95 % CI = 1.14 - 1.25), and for Area 3 (Many trains) by 21% (OR = 1.21, 95 % CI = 1.16 - 1.26) per 1 dB increase 
of the sound level.{Figure 1}{Figure 2} 
 
The estimated percent annoyed (%A) in relation to L Aeq,24h is very similar in Area 2 (Vibrations) and Area 3 
(Many trains). The estimated %A is much lower in Area 1 (No vibrations) than in Area 2 and Area 3, and the 
difference in noise annoyance between Area 1 and the two other areas increases with increased sound levels from 
4% annoyed at 45 dB to 30% at 65 dB [[Figure 1], left]. A similar proportion noise annoyed (e.g. 35%A) is reached 
at about 5-7 dB lower noise level in areas with a very large number of trains or in areas where the railway traffic 
causes strong ground-borne vibrations (e.g. at ca 55 dB in Area 2 and 3 and at ca 62 dB in Area 1). 
 
The estimated percent highly annoyed (%HA) in relation to L Aeq,24h [[Figure 1], right]) is consistently lower in 
Area 1 than in the other two areas, and the difference increases with higher sound levels. As opposed to %A, which 
is approximately the same in Area 2 and 3, the estimated %HA is about 16% units higher at the highest sound 
levels in Area 3 than in Area 2. 
 
When noise annoyance instead is analyzed in relation to L den , the estimated proportion noise annoyed in Area 3 
is higher than in Area 2, a difference of about 10% units at 60 dB and higher sound levels for %A [[Figure 2], left] 
and a difference of up to 25% units for %HA at 70 dB [[Figure 2], right]. The difference in the dose-response 



relationship for L Aeq,24h and L den is explained by the relatively larger increase in dB from L Aeq,24h to L den 
(7.3 dB) in Area 2 due to a higher number of freight trains during the night than in Area 3 (4.7 dB). We also 
analyzed the results for %HA based on the 11-point scale (scale values 8, 9, and 10) and found the same response 
pattern as %HA obtained on the 5-point category scale (results not shown, see Gidlöf-Gunnarsson et al. 2011). [31]
 
Noise annoyance in relation to the orientation of balcony / patio and bedroom window 
 
Building situational factors, such as type of house, type of windows, and what year the house was built, had no 
significant impact on railway noise annoyance in any of the study areas (data not shown, see final report from the 
TVANE project). [32] General annoyance is strongly related to specific disturbances of activities such as 
communication and sleep, and the correlation is considerably higher than between general annoyance and noise 
level (e.g. Spearman΄s r s = 0.63 between general annoyance and disturbance of communication and r s = 0.39 
between general annoyance and L Aeq,24h in Area 3). Therefore, access to quieter outdoor places that allows for 
uninterrupted communication and opening of windows at night may reduce noise-disturbed communication and 
sleep and general annoyance as well. [28] Two of the situational factors investigated in this project, which turned 
out to be of great importance for general noise annoyance, were the orientation of balcony / patio and bedroom 
window. Twelve and 14% respectively in Area 1 and Area 2 and 30% in Area 3 had a balcony / patio that faced the 
railway. Thirteen, 14%, and 17% respectively in Area 1, Area 2, and Area 3 had bedroom windows facing the 
railway. None of the respondents had balcony / patio or bedroom windows that faced a large road or highway. We 
analyzed the relation between sound levels in L Aeq,24h from railway traffic at the most exposed side of the 
dwelling and %A with binary logistic regression and took into account the influence of the orientation of balcony / 
patio and bedroom window (towards railway or towards another location, i.e. courtyard, small road), see [Table 4] 
and [Table 5], respectively. Separate analyzes were done for each of the three study areas.{Table 4}{Table 5} 
 
Having balcony / patio facing the railway line increases noise annoyance 
 
Having balcony / patio oriented towards the railway increased the odds of being noise annoyed (%A) in all three 
study areas (Area 1, OR = 2.46, 95% CI = 1.21-2.0; Area 2, OR = 4.57, 95% CI = 2.34 - 8.92; and Area 3, OR = 
2.88, 95% CI = 1.98 - 4.21). 
 
The percent noise annoyed is significantly higher if balcony / patio is oriented towards the railway than towards 
another location [Table 4]. At the Swedish guideline value L Aeq,24h 55 dB, twice as many in all three areas are 
noise annoyed if the balcony / patio is oriented toward the railway (see column three in [Table 4]). The difference in
annoyance between the two situations (balcony / patio facing the railway or not) increases at higher sound levels. 
 
Having bedroom window facing the railway line increases noise annoyance 
 
Having bedroom window oriented towards the railway increased the odds of being noise annoyed in Area 2 and 3 
(Area 2, OR = 2.19, 95% CI = 1.11 - 4.31; and Area 3, OR = 1.93, 95% CI = 1.25 - 2.99), but to a somewhat less 
extent than orientation of balcony / patio. Orientation of bedroom window had, however, no significant effect on 
general noise annoyance in Area 1 (OR = 1.62, 95% CI = 0.79 - 3.31). As can be seen in [Table 5], the proportion 
noise annoyed (%A) is significantly higher if bedroom window is oriented towards the railway than in another 
direction (towards courtyard, small road). At the Swedish guideline value L Aeq,24h 55 dB, about one and a half 
time as many in all three areas are noise annoyed if the bedroom window is oriented towards the railway (see 
column three in [Table 5]). The difference in annoyance between the two situations (bedroom window facing the 
railway or not) increases at higher sound levels up to about 60 dB and then remains constant. The Swedish 
Transport Administration has, according to their action program against railway noise, provided all bedroom 
windows with sound insulation if the sound level from railway noise inside bedrooms exceeds L AFmax 55 dB with 
windows closed. Thus, the indoor noise level in bedrooms located towards the railway might be lower at the highest 
sound level categories. 
 
Railway-induced vibration annoyance and interaction effects of combined exposure to noise and vibration from 
railway traffic 
 
Annoyance from railway-induced vibration in relation to ground vibration velocity 
 
The relation between annoyance (%A) due to railway-induced vibrations and ground vibration velocity (mm/s) was 
analyzed by binary logistic regression for the two study sites Kungsbacka and Alingsås in Area 2. [Figure 3] shows



the results in vibration annoyance for vibration velocity up to 0.50 mm/s since higher vibration velocity was present 
only in one of the two sites. There is a strong relationship between vibration annoyance and vibration velocity. At 
0.10 mm/s, 5% are annoyed by railway-induced vibrations, and the majority (80 %) is annoyed at the strongest 
vibration velocities at 0.50 mm/s.{Figure 3} 
 
The building situational factors, other than geological characteristics, that are of great importance for the perception 
of railway vibrations, is type of house; the proportion of vibration-annoyed people was significantly higher in 
detached houses than in blocks of flats. Other investigated factors (e.g. cellar or not, wood or brick in the building 
structure) were not associated with vibration annoyance. All houses in the study site Kungsbacka were detached 
houses while 50% of the houses in the study site Alingsås were blocks of flats. 
 
[Figure 4] shows %A and %HA by railway-induced vibrations in relation to vibration velocity in the ground for 
respondents living in detached houses in Kungsbacka and Alingsås. The results are presented in relation to 
categories with different vibration velocity since few respondents lived in dwellings that had a vibration velocity 
higher than 0.49 mm/s. The Figure shows that %A by railway- induced vibrations (left figure) increases with 
increased vibration velocity from 10%A at 0.10 - 0.19 mm/s to 36%A at 0.30 - 0.39 mm/s. At vibration velocities 
above 0.40 mm/s, the proportion annoyed by vibrations is 65%.{Figure 4} 
 
The %HA by train vibrations [[Figure 4], right] is small at vibration velocities below 0.40 mm/s (2 - 14 %HA). There is 
a steep threshold around 0.40 mm/s, and about half of the respondents are highly annoyed if the vibration velocity 
exceeds 0.40 mm/s. 
 
Calculation of vibration velocity inside the houses was only possible at the Kungsbacka site where the houses were 
of a similar type. Since the vibration velocity in the ground and vibration velocity inside the houses were almost 
identical at this site, we obtained similar dose-relationships between annoyance and vibration velocity indoors (data 
for Kungsbacka is not shown here) as those relationships between annoyance and ground vibration presented in 
[Figure 4]. 
 
Interaction effects of combined exposure to noise and vibration from railway traffic 
 
To study possible interaction effects of combined exposure to noise and vibrations from railway traffic, the study 
material from Area 1 and Area 2 was divided into different groups based on vibration velocity in mm/s in the ground 
(no vibrations = Area 1 filled squares; 0.10 - 0.39 mm/s = open squares; and 0.40 - 1.50 mm/s = filled circles) and 
based on noise exposure categories in L Aeq,24h (45 - 50 dB = filled squares; 51 - 55 dB = open squares; and 56 
65 dB = filled circles). Due to the small variation in vibration velocity, there are very few respondents in some of the 
groups [Figure 5].{Figure 5} 
 
The percentage annoyed by railway noise [[Figure 5], left] varies with vibration velocity and is lowest for the group 
not exposed to vibrations. The group exposed to the strongest vibrations (0.40 - 1.50 mm/s) is the most noise 
annoyed, except at 56 - 65 dB. Due to very few individuals in some of the groups, statistical tests could only be 
performed in some cases. Thus, at 51 - 55 dB, there was a significant increase in noise annoyance with increased 
vibration velocity (χ2 , P < 0.001) from 9% (no vibrations) to 22% for those having vibrations between 0.10 - 0.39 
mm/s and 32% for the group with strongest vibrations (0.40 - 1.50 mm/s). 
 
The percentage annoyed by railway vibrations [[Figure 5], right] varies with noise levels and is lowest for the group 
with the lowest noise levels (45 - 50 dB) and highest for the group with the highest noise levels (56 - 65 dB). The 
group living in the area with no vibrations is not included in the analysis. Differences in vibration annoyance 
between groups with different noise levels could be statistically tested for the group with weakest vibrations (0.10 - 
0.39 mm/s). Vibration annoyance increased significantly with higher noise levels from 16% annoyed at the lowest 
noise levels (45 - 50 dB) to 28% in the group with 51 - 55 dB and 50% in the group with highest noise levels (P = 
0.001). 
 

 Discussion  

 
 
The overall results in this study suggest that both the number of trains and the presence of ground-borne vibrations 
induced by railway traffic, and not just the noise level per se, are of relevance for how annoying railway noise is 



perceived. Furthermore, orientation of balcony / patio and orientation of bedroom window have a significant impact 
on railway noise annoyance. The other building situational factors (type of house, the year the house was built, or 
window type) as well as the demographic variables were not associated with noise annoyance. The latter results 
are in accordance with previous studies. [33] 
 
The importance of number of trains on noise annoyance 
 
As the railway traffic is very intense and the quiet time periods are substantially reduced, railway traffic seems to 
generate similar general noise annoyance as road traffic, depending on exposure metric and degree of annoyance. 
[31],[34] This result is, to some extent, in agreement with results from studies by Morihara et al.[10] conducted in 
areas with a very large number of high speed trains in Japan (up to 800 trains/24h or about one train every second 
minute) and also with previous railway studies in Sweden by Öhrström and Skånberg, [21] which found that the 
extent of annoyance increased in proportion to the number of trains per day and night. However, it contradicts 
findings by Moehler and Greven [35] in studies performed in Germany from 1996 and onwards. They analyzed the 
dose-response relationship between railway noise annoyance and L Aeq,24h for three groups of residential areas 
with different number of trains/24h: 150 - 200 trains; 250 - 300 trains; and 350 - 500 trains/24h and found no 
differences between the three dose-response curves that indicated a higher increase in noise annoyance with 
higher number of trains. Furthermore, as opposed to the Japanese studies by Morihara et al.,[10] Moehler and 
Greven [35] found no differences in noise annoyance between high speed trains with a speed between 200 and 250 
km/h and conventional railway traffic in Germany. 
 
Annoyance ratings (%A) in the present study were higher in the area with a very large number of trains (and in the 
area with vibrations) than predicted by standard curves presented in the EU position paper on dose-response 
relationships between railway noise and annoyance, especially at L den 60 dB and higher. [8],[9] One reason for 
this may be that the standard curves by Miedema and Oudshoorn [8] are based on meta analyzes of data from 
eight European studies, which were performed from 1972 to 1993 and none of these studies involves areas with a 
very large number of trains/24h. Contrary to this, annoyance ratings (%A) in the area with moderate number of 
trains in the present study were somewhat lower than predicted by the standard curves. The predicted transport 
demand and growth of high speed passenger and freight transport in the near future stresses the need to effectively 
plan for mitigations against railway noise. [23] 
 
The importance of vibrations on noise annoyance 
 
In the present study, general railway noise annoyance increases in the presence of simultaneously occurring 
railway-induced vibrations. This confirm findings from previous field studies. [12,19-22] It has also been found, both 
in experimental and field studies by Öhrström et al., that simultaneous exposure to vibrations and railway noise 
leads to more sleep disturbances than railway noise alone. [36] These research results support the notion that 
noise exposure in combination with other stressors, such as vibrations, can enhance the adverse impact of noise on 
health and well-being. [37]  
 
A probable reason behind the increased noise annoyance is that residents may experience the combined exposure 
of railway noise and ground-borne vibrations through several sensory modalities. For example, perceptions of 
vibrations in the body and visual cues, such as items and furniture in the house that rattles or move, may distract 
the person's current activity and drive his or her attention to the noise. It is well-known that information from one 
sensory modality can alter the experience of another modality. [38] Thus, the vibrations may facilitate the perception 
of noise and make it difficult to ignore and habituate to, which may lead to an increased risk of perceiving the 
railway noise as more annoying than in situations with no simultaneous vibrations. This type of mechanism is also 
suggested as being one important part for explaining the higher annoyance due to wind turbine noise in situations 
when the wind turbines and its rotor blade movement could be seen, causing demanding visual attention. [39]  
 
The hypothesis that higher vibration velocities from Shinkansen may account for differences in railway noise 
annoyance between Japanese and European studies was put forward by Yano et.al. [40],[41] and Yokoshima et al. 
[42] since Japanese houses are closer to the noise sources than European houses. Vibration velocities from three 
sources measured in the same areas as socio-acoustic surveys confirmed that the Shinkansen vibration velocity 
was higher than that of the conventional railway, which was also substantially higher than that of road traffic even at 
the same noise level. [41] 
 
The increase in noise annoyance (%A) in the presence of railway-induced ground-borne vibrations in this study 



corresponds to a difference in sound level of about 5 - 7 dB. These results are in line with earlier railway studies in 
Sweden, [21],[22],[43] which showed that noise annoyance was significantly higher in areas with high vibration 
velocities corresponding to a difference in sound level of about 10 dB. The data from these previous Swedish 
railway studies in fifteen sites in six study areas with weak or strong ground-borne vibrations induced by railway 
traffic were performed between 1990 and 1993 and comprise 2883 or about 1/3 rd of the 8527 data points used in 
the meta analyzes by Miedema and Oudshoorn 2001. [8] Recently, Fidell et al., [44] in their evaluation of the 
variability in annoyance across studies on aviation noise, used the Swedish railway data set (SWE 365) as an 
example to illustrate, by using "Community Tolerance Levels" (i.e. a noise level, at which 50% of the respondents 
are highly annoyed), the influence of non-noise factors on the dose-response relationship between %HA and sound
level in DNL (day-night average sound level). They found that respondents in the three low vibration cities were 15 
dB (DNL) more tolerant of train noise than respondents in the three high vibration cities. A follow-up study after 
mitigation of railway-induced vibrations in connection with the construction of new railway tracks in the study site in 
Kungsbacka, as part of the 1995 year study by Öhrström, [45] showed an extensive reduction in both noise 
annoyance and annoyance due to railway-induced vibrations. 
 
Orientation of balcony / patio and bedroom window 
 
Residential characteristics, such as position of balcony / patio and bedroom windows in relation to the railway line, 
had a large influence on general noise annoyance. Disturbance of conversation, according to the literature, e.g. 
reviews by Moehler 1988, [46] Öhrström 1990, [47] and Öhrström and Skånberg 2006, [12] is closely related to 
general noise annoyance, and it is one of the most pronounced effects of railway noise. It thus makes sense that 
noise annoyance in this study was twice as high among those respondents who had their balcony / patio oriented 
towards the railway compared to those who had not. 
 
Lim et al. [48] concluded from their study that one of the most important factors contributing to the more severe 
railway noise annoyance in Korea (and in Japan) than those found in European countries is the short distance 
between railways and houses (about 80% of the sites in the Korean study were situated within 100 m from two 
railway lines compared to a median distance of 213, 183, and 118 m respectively, between dwellings and railway in 
the three areas in the present study). Further, the L AFmax -levels in the Korean study were very high and varied 
between 91 and 100 dB as opposed to at most L AFmax 80 - 85 dB in the present study. Another potential 
explanation to the higher railway noise annoyance in the Korean study is that many apartments in Korea have 
balconies that face the railway, and it has been found by Bangjun et al. [49] that noise annoyance, under the same 
acoustic environment, is higher when the source of noise can be seen. However, it cannot be ruled out that 
differences in sampling method in the Korean study could have affected the results (e.g. questionnaires in the 
Korean study were distributed in person to people when they entered into or left their dwelling concurrently with the 
noise measurements at each site). We performed similar analyzes of the proportion highly annoyed (%HA) by 
railway noise as Lim et al. [48] based on the 11-point scale (values 8, 9, and 10) separately for respondents with 
balcony / patio facing railway for Area 3 with a very large number of trains (results not shown, see final report 
Öhrström et al., 2011). [32] We found almost identical results as in the Korean study (see Lim et al. 2006, [Figure 
3], p. 2040). [48] 
 
Having bedroom windows oriented towards the railway line also increased the proportion noise annoyed, but to a 
somewhat lesser extent than did the position of balcony / patio, which might be explained by the comparatively 
lesser impact of railway noise on sleep. [50] Those who had bedroom windows facing the railway line were, in 
general, 1.5 times more noise-annoyed than those who had bedroom windows facing the shielded side. This is in 
accordance with findings in the previous Swedish studies on railway noise, both in areas with and without 
vibrations. [43] Of the few studies on road traffic noise and the effects of bedroom location on general annoyance, 
Pirrera et al. [51] and Öhrström [52] found significantly higher general noise annoyance and also longer sleep 
latency if bedroom windows faced the road side as opposed to the backside. Amundsen et al.[53] concluded from 
their recent façade insulation study that the advantage with respect to indoor noise annoyance of having the 
bedroom facing the least noise-exposed side of the dwelling corresponded to a 6 dB reduction in noise level. This is 
roughly equivalent to the benefit of the effect of façade insulation (a reduction of 7 dB) on road traffic noise 
annoyance. In their study, the difference in noise annoyance between those who had and those who had not 
bedroom windows facing the main road seemed to decrease with increasing noise exposure outside at the most 
exposed side of the dwelling. This agrees with results in the present study where the difference in noise annoyance
did not increase at noise levels above 60 dB between the ones who had bedroom windows towards the railway and 
those who had not. 
 



Vibration annoyance and interaction effects of combined exposure to noise and vibrations 
 
Railway-induced ground-borne vibrations caused vibration annoyance to the same extent as railway noise 
annoyance in the areas with vibrations. The situational factors, other than geological characteristics, that are of 
great importance for the perception of different effects of railway vibrations, is type of house: The proportion of 
vibration-annoyed people was significantly higher in detached houses than in blocks of flats. This is in line with 
findings in social surveys on noise and vibration along the Tokaido Shinkansen railway by Yokoshima and Tamura. 
[19] Other investigated factors (e.g. cellar or not, wood or brick in the building structure) were not associated with 
vibration annoyance. Vibration annoyance (%A) increased with higher vibration velocities from 5% at 0.10 mm/s to 
80% at 0.50 mm/s, but there seems to be a threshold with a steep increase in vibration annoyance around 0.40 
mm/s. Below this level (between 0.30 and 0.39 mm/s), half as many were annoyed by vibrations as above 0.40 
mm/s. Klaeboe et al., [18] who's large Norwegian Socio-vibrational Survey in 1997 and 1998 forms the basis for the 
Norwegian measurement standard and classification system of vibration, [26] found similar results at low vibration 
velocities. However, at higher vibration velocities (0.40 V w,95 mm/s), they found a lower extent of vibration 
annoyance than in the present study (see Klaeboe et al. [Figure 4], p. 101). [18]  
 
We found strong interactive impacts of annoyances due to noise and vibrations. Noise annoyance was higher in 
groups exposed to strong vibrations, and vibration annoyance was higher in groups with high sound levels. 
Yokoshima and Tamura [19] also found significant differences in %HA by noise from Shinkansen railway between 
three groups with different vibration velocities as well as significant differences in vibration annoyance from the 
Shinkansen railway between three groups with different noise levels. These authors [54] also analyzed the 
combined annoyance to noise and vibrations from the Shinkansen train and concluded that vibrations had a greater 
impact on combined annoyance than noise at distances within 40 m from the railway line. 
 

 Conclusions  

 
 
Both, the number of trains per se and the presence of ground-borne vibrations induced by railway traffic, and not 
just the noise level, are of relevance for the perceived annoyance of railway noise. For the proportion annoyed to be
equal, a 5 - 7 dB lower noise level is needed in areas where the railway traffic causes strong ground-borne 
vibrations and in areas with a very large number of trains. 
 
This has implications for noise and vibration mitigations in the development of future railway infrastructure. To 
reduce noise annoyance and other adverse effects, effective mitigations against noise are indispensable at railway 
lines with very intensive traffic. Mitigations against vibration are necessary in areas sensitive to railway-induced 
ground vibrations to reduce annoyance from both vibration and noise. 
 
Further, residential characteristics such as orientation of balcony / patio and orientation of bedroom window have a 
significant impact on railway noise annoyance. Where possible, these spaces should be located at the backside in 
relation to the railway line to facilitate communication and relaxation outdoors, as well as restful sleep.
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