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ABSTRACT
This paper describes a laboratory sleep study with an exposure situation corresponding to a 
dwelling close to a railway. Both noise and bed vibrations were generated for passing trains, 
and the sleep quality of the test subjects was evaluated using questionnaires before and after 
sleep. A total of 21 test subjects slept five nights in the laboratory, and three different exposure 
situations were presented in a randomized order after  two nights  for  habituation.  The three 
exposures were combined from two noise levels and two vibration amplitudes; one with high 
noise levels and strong vibrations, one with lower noise levels and strong vibrations and one 
with  high  noise  levels  and weaker  vibrations.  The results  indicate  that  the  perceived sleep 
disturbance  from  noise  increased  with  increasing  vibration  amplitude.  There  was  no  such 
interaction effect for perceived sleep disturbance due to vibrations, i.e. sleep disturbance due to 
vibrations was the same irrespective of noise level. These results suggest that it  will  not be 
sufficient to reduce the noise levels to protect from sleep disturbances, e.g. by sound insulating 
windows  and  noise  barriers,  if  vibration  levels  are  high.  The  vibration  levels  must  also  be 
addressed.

1. INTRODUCTION
The Swedish research program TVANE (Train Vibration and Noise Effects) is aimed at studying 
the effects of noise and building vibrations from railway traffic. This paper presents the design of 
and some results from a laboratory experiment where subjects slept while being exposed to 
noise and bed vibrations that simulate passing trains. The exposure situations used during the 
experiments are presented in section 2, and some results from the evaluation of sleep quality is 
given in section 3. Finally the conclusions are given in section 4.
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Figure 1: Photograph of the bed in the sleep laboratory.

2. SOUND AND VIBRATION EXPOSURE

A. Experiment outline
A total of 21 test subjects slept five nights in the laboratory, 7 male and 14 female. The age 
spanned from 18 to 30, with a mean of 23. All subjects were tested for normal hearing. Each 
subject slept five nights in one of the three identical rooms in the laboratory depicted in Figure 1. 
The first  night  was  a  habituation  night  with  both  vibrations  and noise,  the  second  a  silent 
habituation night without vibrations and after that three nights with different exposure situations 
in random order. The exposure situations were with both noise and vibrations from simulated 
train passages, and are named 54 dB strong, 54 dB weak and 48 dB strong. The first part of the 
description is the maximum sound pressure level (SPL) and the second either strong vibrations 
(1.1 – 1.5 mm/s maximum weighted velocity according to SS 460 48 611) or weak/soft vibrations 
(0.2 – 0.4 mm/s), more details are given below.

The sleeping period was from 23:00 (11 pm) to 07:00 (7 am), 8 hours in total, but the sound and 
vibration exposure started one hour earlier and ended one hour later (22:00 – 08:00). All test 
subjects completed one questionnaire in the morning and one in the evening that evaluated the 
sleep quality, tiredness during the day, wake up events and annoyance.
 

B. Sound exposure
The subjects were exposed to sound using a two-way speaker system, the low frequency part 
being reproduced by ceiling mounted speakers and the mid to high frequencies using corner 
mounted speaker cabinets. All sounds were recordings of real train passages that were filtered 
to correspond to indoor levels with the window slightly open (30 mm). More details can be found 
in 2,3 about the audio system and the filtering process.

The train passages were scheduled to approximate the real traffic at the railway line “Västra 
Stambanan” through the municipality Lerum. The line connects Gothenburg and Stockholm and 
the traffic  flow is  approximately  200 train  passages per  day.  The maximum speed through 
Lerum is approximately 140 km/h, but freight trains typically drive slower, around 90 km/h. Since 
many of the recorded passages were contaminated by secondary noise sources, mainly road 
traffic, wind and wildlife sounds, we chose a subset of 12 typical recordings (five freight, four 



commuter and three high speed trains). These recordings were repeated a few times each to 
create  the  traffic  pattern  during  the  night.  The  maximum  SPL  with  time  weighting  FAST 
measured at a position close to the bed for each passage is given in Table 1, and a graphical 
presentation of when the passages occurred are given in Figure 2.

In order to create an exposure situation with lower noise levels the total volume of the system 
was reduced by 6 dB, which means that all maximum values from Table 1 should be lowered by 
6 dB to get the value for the lower exposure. Lower levels than that were not feasible since the 
railway noise is masking noise from the vibration system, which would then be audible.  An 
artificial background noise with an equivalent A-weighted level of 25 dB was also added since 
the natural background level in the laboratory is as low as 13 dB.
 

Table 1: Maximum SPL (FAST) for each simulated train passage. Filled cells corresponds to freight trains 
with vibration signals applied.

23-01 01-03 03-05 05-07

Time LAFmax Time LAFmax Time LAFmax Time LAFmax
23:04 46.0 01:18 51.5 03:09 46.4 05:03 50.9
23:05 41.8 01:30 46.4 03:30 50.9 05:10 49.6
23:06 46.4 01:42 50.9 03:54 51.5 05:14 41.8
23:14 53.9 02:08 53.9 04:11 53.9 05:18 53.9
23:32 49.2 02:21 48.0 04:17 46.4 05:36 51.5
23:38 41.6 02:38 49.6 04:35 49.2 05:37 43.1
23:39 50.9 02:46 51.5 04:39 48.0 05:51 48.0
23:42 43.1 04:57 42.1 06:02 48.0
23:57 49.2 06:05 49.2
00:09 53.9 06:10 42.1
00:18 48.0 06:17 49.6
00:24 48.0 06:24 50.9
00:32 51.5 06:29 41.8
00:43 46.4 06:36 46.0

06:37 51.5
06:49 41.6
06:53 43.1

Figure 2: Graphical illustration of train passages vs time. The 8h sleep period is indicated by the green 
vertical bars.



C. Vibration exposure
In order to expose the test subjects to vibrations shakers were mounted under the beds. Due to 
the strict demands on quiet operation of the shakers (to reduce the risk of creating sounds that 
would be audible) electrodynamical shakers were chosen. To reduce the cost shakers normally 
used for home theater applications were selected, and due to the technical limitations of these 
shakers only vibrations in the vertical direction was applied and the frequency of the vibrations 
were set to 10 Hz. Typical building vibrations due to railway traffic in the Nordic countries are in 
the range of  5 – 10 Hz,  and the vertical  direction  is  dominant  on the ground floor  and the 
horisontal direction on higher floors4.

During experiments with the setup it was noticed that the vibration system was very nonlinear 
with big differences between the three beds, and that the system was sensitive to the weight of 
the test subjects. To reduce the influence of these effects all beds were calibrated and trimmed 
to perform well for two different inputs, one signal corresponding to strong vibrations and one to 
weaker  vibrations,  and  all  freight  trains  were  then  assumed  to  cause  an  equally  strong 
response. In real exposure scenarios not all freight trains would cause strong vibrations, shorter, 
slower and less loaded trains will cause less noticeable vibrations. Commuter and High speed 
trains did not cause any vibrations in the experiment, and are typically more than 10 dB lower in 
vibration source strength (a factor of more than 20 on the vibration velocity)5,6.

The vibration signal was synthesized using a modulated sine wave at 10 Hz, and the modulation 
parameters were chosen to as closely as possible resemble the typical structure of the many 
measured time signals  presented in [ref]  for  freight  trains at  70 – 90 km/h.  The modulation 
frequencies were 0.2 Hz and 0.067 Hz, for more details see 2. The power density spectrum of 
the vibration velocity on the bed frame is given in Figure 3.

Figure 3: Power spectral density of the vibration velocity on the bed frame. Z corresponds to the vertical 
direction, X the horisontal direction along the length of the bed and Y is perpendicular to X and Z.



During the experiments the vibration velocity varied between different test subjects as a function 
of their weight, and between the three parallel systems due to differences in the shakers and the 
resonant mountings.  To determine this variability a number of persons were measured with a 
weight ranging from 50 kg up to 100 kg in all  three beds. The target vibration velocity with 
weighting according to the relevant Swedish standard 1 was 1.4 mm/s, but varied between 1.1 – 
1.5, see Table 2. The weight of the test subjects was not measured, but the variability during the 
final exposures is overestimated since their weight probably varied less than in the tests, and 
due to the fact that the three vibration systems had different sensitivities to the weight and the 
most sensitive  system determined the range (1.1 – 1.5 mm/s).

Table 2: Vibration and sound exposure data for the three different exposure situations.
54 dB
strong 

vibrations

54 dB
weak 

vibrations

48 dB
strong 

vibrations
Maximum SPL LAFmax  [dB] 54 54 48
Equivalent SPL LAEq,8h  [dB] 31 31 27

Max (S) velocity SS 460 48 61 [mm/s] 1.1 – 1.5 0.2 – 0.4 1.1 – 1.5
Max (S) acceleration  [m/s2] 0.09 – 0.12 0.018 – 0.025 0.09 – 0.12

Number of sound events 23:00 – 07:00 46 46 46

Number of vibration events  23:00 – 07:00 25 25 25

As an example of the final exposure situation two time histories of freight trains are presented in 
Figure 4. Both the vibration velocity weighted according to SS 460 48 611 and the SPL using 
time weighting FAST (125 ms) are presented against separate y-axes. The modulation of the 
synthesized vibration signal is clearly visible,  and the variations in the SPL are more erratic 
since this is a recorded sound from a real passage.

Figure 4: Example of time history of the SPL and vibration signals for two freight train passages.



2. RESULTS

A. Time until sleep and awakenings
In Table 3 a subset of the data for each of the five nights are presented in the five columns. The 
columns with headings “Habituation” are the first two in the series and are always presented in 
that order, but the other three nights are presented to the subjects in a randomized order. The 
first  rows  repeat  the  sound  and  vibration  exposure  data,  and  then  some results  from the 
morning questionnaire are presented. The self reported time until  sleep differs a bit with the 
highest value reported for the 54/strong exposure, but the differences against the other two 
(apart  from the habituation  nights)  are  not  statistically  significant.  The same is  true  for  the 
average number of awakenings. 

Table 3: Time until asleep and number of awakenings for the different exposures.

 Habituation 
1

Habituation 
2

54/weak 54/strong 48/strong

SPL max [dB(A)] 54 ~16 54 54 48

Vib. max [mm/s] 0.2 – 0.4 0 0.2 – 0.4 1.1 – 1.5 1.1 – 1.5

Time until asleep (%)

> 30 min 52 29 19 38 33

Number of awakenings

mean 3.5 1.4 2.1 2.4 2.6

A more pronounced effect is the pattern of wakeups during the experiment. Figure 5 shows the 
reported awakenings where the subjects could identify the time period when the wakeup event 
occurred. The green bar to the right is from a previous set of experiments  7 using the same 
sounds but without vibrations, and shows a typical profile with few awakenings earlier in the 
night  when  the  sleep  is  normally  deeper,  and  then  an  increasing  amount  as  the  night 
progresses.  For  the  exposures  with  vibrations  the  profile  is  more  even  with  many wakeup 
events early in the night as well, both for the stronger and weaker vibrations.

23:00-01:00 01:00-03:00 03:00-05:00 05:00-07:00

0

2

4

6

8

10

12

Remembered wakeup events

48/strong
54/strong
54/weak
54/no vibr.

Figure 5: Wake up events the subjects could remember the time period for, out of a total of 21 test 
subjects. The green bar is from a previous study without vibrations.  



B. Reduced sleep quality due to noise or vibrations
In Table 4 the results of asking the subjects if their sleep quality was reduced from either noise 
or vibrations (or both) is presented. Here the p-value of the comparisons between 54/soft vs 54/
strong and 48/strong vs 54/strong are included for the “> not much” category. This category 
includes the response alternatives “rather much”, “much” and “very much” and excludes “not at 
all”  and “not  much”.  In effect  these p-values show if  increasing the noise  level  or  vibration 
amplitude has a statistically significant effect. It is also interesting to note that the vibrations 
reduce the sleep quality  even more when the sound level  is  lowered,  but  this  effect  is  not 
statistically significant.

The most clear result is for increasing the vibrations, which has a strong negative effect on the 
sleep quality and both noise and vibrations are seen as the cause (even though the noise level 
is identical in the two cases). This can be explained by the fact that the subjects confused the 
two phenomena, and perhaps also due to that the relative perceived change is larger for the 
vibrations than for the noise. 

Table 4: Influence on sleep quality of noise and vibrations.

 54/soft
(1)

54/strong
(2)

48/strong
(3)

P-value
(1) – (2)

P-value
(2) – (3)

SPL max [dB(A)] 54 54 48

Vib. max [mm/s] 0.2 – 0.4 1.1 – 1.5 1.1 – 1.5

Reduced sleep quality due to vibrations (%)

> not much 0 33 43 0.008 0.310

Reduced sleep quality due to noise (%)

> not much 14 38 24 0.060 0.180

3. CONCLUSIONS
The  study  has  shown  that  it  is  possible  to  make  a  low  cost  vibration  system  for  sleep 
experiments based on electrodynamical shakers. The main limitation is that the shakers are not 
linear and introduce quite a lot of distortion. This in turn limits the lowest reproducible frequency 
and makes calibration of the system challenging for complex input signals.

The results of the study show that the sleep quality is increased when the vibration amplitude is 
reduced, but also that there is an interaction effect, i.e. the effect of the noise is also reduced 
when the vibrations are lowered. On the other hand the effects are not as significant for other 
effects such as the number of awakenings during the night. It is important to keep in mind that 
the perceived change of  lowering the vibrations from 1.4 mm/s to 0.4 mm/s (approximately 
11 dB) may be larger than the change in the sound level which was 6 dB (from 54 dB down to 
48 dB for the loudest train passages). The vibrations are also unrealistically stationary during 
the experiment, i.e. they have the same maximum value for all freight train passages, whereas 
the maximum noise level varied from 46 dB up to 54 dB in a realistic manner.

Nevertheless it  is  reasonable  to  conclude that  the vibrations  have a strong effect  on sleep 
quality,  and  that  trying  to  reduce  only  the  noise  level  for  an  area  exposed  to  significant 
vibrations is a bad strategy, the vibrations must also be addressed.



ACKNOWLEDGMENTS
The study on which this paper is based has been funded by the Swedish Rail Administration 
(Banverket).

REFERENCES

1. Swedish Standard SS 460 48 61, Vibrationer och stöt - mätning och riktvärden för bedömning av 
komfort i byggnader. SIS Förlag AB, 1992, Stockholm, Sweden. 

2. Ögren M, Öhrström E and Jerson T, “Noise and vibration generation for laboratory studies on 
sleep disturbance” Proceedings of ICBEN 2008, Foxwoods, CT USA.

3. Ögren M, Öhrström E, Jerson T, ”A system for railway noise sleep disturbance trials” Proceedings 
of the 9th International Workshop on Railway Noise and Vibration (IWRN), Munich, September 4 – 
8, 2007.

4. Hannelius L, Vibrations from heavy rail traffic (only available in Swedish). SJ report 36, Stockholm, 
Sweden, 1978.

5. Bahrekazemi M, Train-Induced Ground Vibration and Its Prediction. PhD thesis from the Division 
of  Soil  and  Rock  Mechanics,  Royal  Institute  of  Technology,  Stockholm,  Sweden  2004.  
ISSN 1650-9501.

6. Hassan  O,  Train-Induced  Groundbourne  Vibration  and  Noise  in  Buildings.  Multi  Science 
Publishing, Essex 2006, ISBN 0906522-439.

7. Öhrström  E,  Ögren  M,  Jerson  T  and  Gidlöf-Gunnarsson  A,  “Experimental  studies  on  sleep 
disturbances due to railway and road traffic noise ”  Proceedings of ICBEN 2008, Foxwoods, CT 
USA.


	ABSTRACT
	1. INTRODUCTION
	2. sound and vibration exposure
	A. Experiment outline
	B. Sound exposure
	C. Vibration exposure

	2. results
	A. Time until sleep and awakenings
	B. Reduced sleep quality due to noise or vibrations

	3. CONCLUSIONS
	Acknowledgments
	REFERENCES

