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The effects of noise and vibration on annoyance in buildings during the passage of a nearby high-speed

train have been investigated in a laboratory experiment with recorded train noise and 20Hz vibration.

The noises included the effects of two types of façade: windows-open and windows-closed. Subjects

were exposed to six levels of noise and six magnitudes of vibration, and asked to rate annoyance

using an 11-point numerical scale. The experiment consisted of four sessions: (1) evaluation of noise

annoyance in the absence of vibration, (2) evaluation of total annoyance from simultaneous noise

and vibration, (3) evaluation of noise annoyance in the presence of vibration, and (4) evaluation of

vibration annoyance in the absence of noise. The results show that vibration did not influence ratings

of noise annoyance, but that total annoyance caused by combined noise and vibration was considerably

greater than the annoyance caused by noise alone. The noise annoyance and the total annoyance

caused by combined noise and vibration were associated with subject self-ratings of noise sensitivity.

Two classical models of total annoyance due to combined noise sources (maximum of the single

source annoyance or the integration of individual annoyance ratings) provided useful predictions of the

total annoyance caused by simultaneous noise and vibration.

VC 2013 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4793271]
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I. INTRODUCTION

Train-induced noise and vibration in buildings can cause

adverse physical, physiological, and psychological effects on

humans in dense urban environments. Studies have shown

that exposure to train noise and vibration causes annoyance

to residents of nearby buildings (e.g., Fields and Walker,

1982; Fields, 1979). Since the 1960s, the introduction of the

high-speed train has produced additional environmental con-

cerns because they produce different characteristic noise and

vibration from conventional trains due to their high speeds.

Noise problems caused by conventional trains have

been investigated mainly through the use of social surveys in

terms of dose-response curves (Fields, 1979; Moehler, 1988;

Miedema and Vos, 1998; €Ohrstr€om et al., 2010) and railway

noise was found to be less annoying than road traffic noise

with the same sound pressure level. Therefore, lower limit

values for railway traffic than for road traffic noise were

applied in noise regulations (known as the “railway bonus”).

Furthermore, a community tolerance level has been newly

proposed to predict the prevalence of annoyance caused by

transportation noise based on social surveys of road and rail

noise (Schomer et al., 2012). Similarly, several studies

(Lambert et al., 1996; Chen et al., 2007) examined the dif-

ference in annoyance between conventional and high-speed

trains and magnetic levitation (maglev) also using social

surveys. Laboratory experiments were also conducted to

determine the effects of noise level and source type on

annoyance induced by both conventional and high-speed

trains in simulated environments (Kurra et al., 1999, Vos

2004; De Coensel et al., 2007; Yoo et al., 2010). It was

observed that noise annoyance caused by conventional trains

was not significantly lower than annoyance caused by high-

speed trains (De Coensel et al., 2007) but high-speed train

noise was less annoying than maglev noise (Vos, 2004).

Noise is not the only variable causing annoyance, and a

number of studies have dealt with railway noise associated

with railway-induced vibration because trains often produce

significant vibrations that are transmitted to buildings in the

vicinity. The effects of conventional train induced noise and

vibration on the community have been reported in terms of

annoyance and interference with activity through surveys

(Fields, 1979; Woodroof and Griffin, 1986; Zapfe et al.,

2009; Klæboe et al., 2003; Peris et al., 2012). Community

responses to noise and vibration caused by high-speed trains

have also been investigated using social surveys, with stud-

ies carried out mainly in Japan (Yano et al., 2005;

Yokoshima and Tamura, 2005; Yokoshima et al., 2011). The

results showed that high-speed train noise was more annoy-

ing than conventional train noise (Yano et al., 2005) and

vibration led to greater noise annoyance (Yokoshima and

Tamura, 2005; Yokoshima et al., 2011). However, the vibra-

tions were only measured in the ground and the contribution

of vibration to noise annoyance was not clarified.

A series of laboratory experiments dealt with combined

noise and vibration from railways using vertical (z-axis) vibra-

tions measured in buildings. The relative importance of noise

and vibration was investigated and a subjective equivalence

contour was derived (Howarth and Griffin, 1990a). Subjective

responses to combinations of six levels of noise and six
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magnitudes of vibration were examined and the summation

and interaction effects of the two stimuli were then deter-

mined (Howarth and Griffin, 1990b). In a third experiment,

the total annoyance caused by combined noise and vibration

was investigated and it was found that total annoyance could

be predicted by combining the individual effects of the two

stimuli (Howarth and Griffin, 1991). Furthermore, the com-

bined effects of noise and vibration on rated intensity and

annoyance have been explored using tram-induced noise and

vibration (Paulsen and Kastka, 1995). These studies, how-

ever, were focused on noise and vibration from conventional

trains and trams, and the variable attenuation of building

façades that can change the sound pressure levels of noise

was not considered.

The present study was designed to investigate the effect

of vibration on noise annoyance and to examine the total

annoyance caused by noise and vibration in the vicinity of

high-speed trains. Levels of noise and magnitudes of vibra-

tion in buildings vary according to distance from a railway

track, so two façade attenuations were applied to sound stim-

uli on the assumption that the attenuation of the façade struc-

ture affects the annoyance inside a building. During the

laboratory experiments, subjects were exposed to noise and

vibration from high-speed trains and rated their annoyance

level using an 11-point numerical scale.

II. METHODS

A. Stimuli

Sound stimuli were recordings of sound during the pas-

sage of a high-speed train traveling at 250 km/h. The noise

was recorded in Korea using a dummy head (Type 4100,

B&K) at a distance of 25m from the railway line. Dichotic

stimuli were prepared using only the left channel signals of

the binaural recordings to exclude the spatial aspects of the

recording. A 45-second period containing a single train pas-

sage was extracted from the recording. The passage of the

high-speed train lasted about 8 s with silent periods of about

18 s before and after the train passage. The equivalent con-

tinuous level (LAeq,45s) of the selected noise was found to be

around 96.0 dB. For the preparation of stimuli with levels

lower than the originally recorded noise, the spectral content

was adjusted taking into account source-to-receiver distance

(35, 50, 75, 100, and 150m) and air absorption (ISO 9613-1,

1993). The calculations were performed for meteorological

conditions with a temperature of 20 �C and a relative humid-

ity of 55%. Outdoor A-weighted sound exposure levels

(LAE) for sound stimuli corresponding to source-to-receiver

distances of 35, 50, 75, 100, and 150m were 96.0, 93.1,

90.3, 86.5, 84.0, and 80.5 dB, respectively.

For the façades, spectral filtering was applied to simu-

late the various frequency-dependent outdoor-to-indoor

noise attenuations. Among various types of façade attenua-

tions (Vos, 2003; Lee et al., 2010), the closed window with a

median degree of isolation and wide-open window were

adopted and sound reductions are plotted in Fig. 1. For the

wide-open window, an attenuation of 5 dB was applied in

the frequency range 12.5–1000Hz and the attenuation

increased to 8 dB at higher frequencies. The façade

attenuation increased from 12 dB at 16 and 31.5Hz, up to

35 dB at 8 kHz for the closed window with a median degree

of isolation. The frequency characteristics of the sound stim-

uli after spectral filtering are shown in Fig. 2. The spectral

characteristics of the sound stimuli for the windows-open

condition were dominated by high-frequency and low-

frequency components, but the energy at high frequency was

significantly decreased for the stimuli in the windows-closed

condition. The background noise used in the experiment was

road traffic noise at 35 dB in terms of A-weighted sound

FIG. 1. Façade attenuations for windows-open and windows-closed

conditions.

FIG. 2. Frequency characteristics of sound stimuli for windows-open condi-

tion (left) and windows-closed condition (right).
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pressure level. The spectral characteristics of the background

noise are presented in Fig. 3.

Instead of using outdoor recordings, vibration stimuli

were generated in the laboratory using the HVLAB data acquisi-

tion and analysis system. The fundamental resonances for typi-

cal wood-frame residential structures and reinforced-concrete

slab floors are in the 15–20 and 20–30Hz ranges, respectively

(Jones, 1994). Ju (2007) reported that 20Hz is a dominant fre-

quency of building vibration induced by high-speed trains.

Therefore, sinusoidal signals of 20Hz were selected as vibra-

tion stimuli in the present study. The amplitude of the vibration

stimuli increased and decreased over a duration of 8 s, with

two peaks in a similar manner to the simultaneous noise stim-

uli. As shown in Fig. 4(b), the amplitude was increased from

zero to a first peak at 2 s, then decreased by 30% to a trough at

3.5 s, followed by an increase to the same magnitude as the

first peak at 5 s, followed by a decrease to zero at 8 s. All

changes in vibration amplitude followed a cosine taper, with

the maximum rate of change of amplitude midway through the

change. The magnitudes of vibration stimuli were predicted

according to a simple prediction model suggested by

DOT-293630-1 (Hanson et al., 2005). First, the ground vibra-

tion levels were estimated taking into account factors affecting

the vibration source, such as train speed (250 km/h) and

wheels. Factors affecting the vibration path and receivers were

then used in estimating building vibration levels. For this

experiment, it was assumed that the buildings were wood-

frame structures and the listener was located on the second

floor. Levels for vibration stimuli are listed in Table I in terms

of unweighted root-mean-square (rms) acceleration in ms�2

and unweighted vibration dose value (VDV) in unit of ms�1.75

(ISO 2631-1, 1997).

B. Apparatus

Vertical (z-axis) whole-body vibration was generated by

an electrodynamic vibrator (Derritron VP85) and subjects

sat on a rigid wooden seat (250mm� 180mm) with a con-

toured surface in order to provide contact with the ischial

tuberosities. The subjects were asked to maintain their upper

body in a roughly vertical posture with their hands on their

knees and their feet on stationary footrests. There was no

backrest and no significant vibration was transmitted to other

parts of the subjects’ bodies.

Sound stimuli were presented through headphones. The

headphones used in this study had a frequency response of

32–4000 Hz 62 dB. The sound preproduction system was

calibrated using a pink noise signal, which was measured at

the location of the subject’s ear. The sound stimuli were

played directly from a PC via a digital-to-analog converter

to headphones, and recorded using a KEMAR head with two

artificial ears.

FIG. 3. Frequency characteristics of background noise.

FIG. 4. Time histories of the typical noise and vibration stimulus: (a) noise

stimulus and (b) vibration stimulus.

TABLE I. Levels of noise and vibration stimuli according to source-to-

receiver distance.

Source-to-receiver distance [m]

25 35 50 75 100 150

Outdoor LAE [dB] 96.0 93.1 90.3 86.5 84.0 80.5

Unweighted rms

Acceleration level [m/s2]

0.079 0.053 0.036 0.020 0.014 0.008

Unweighted VDV [ms�1.75] 0.160 0.113 0.072 0.042 0.029 0.016
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C. Subjects

A total of 20 subjects (10 males and 10 females) partici-

pated in the experiment. Subjects with different nationalities

(10 Korean and 10 British) were selected because there was

an expectation that Korean subjects would be more familiar

with high-speed trains than British subjects. The subjects’

ages ranged from 20 to 35 years (mean: 26.2, standard devia-

tion: 5.9 for Korean and mean: 24.1, standard deviation: 3.7

for British). Before the experiment, brief interviews were

conducted to collect data on experience of traveling by high-

speed train and sensitivities to noise and vibration. The self-

ratings of noise sensitivity were requested on an 11-point

numerical scale using the following single-item question

(Zimmer and Ellermeier, 1999; Ryu and Jeon, 2011): “How

would you describe your sensitivity to noise?” Vibration

sensitivity was determined using a similar question. Subjects

gave informed consent to participate in the experiment

that was approved by the Ethics Committee of the Faculty

of Engineering and the Environment at the University of

Southampton.

D. Procedure

The laboratory experiment was performed to investigate

the combined effect of noise and vibration on annoyance.

Similar to studies of audio-visual interactions, which have

compared sound perceptions in conditions with and without

visual appearances (Viollon et al., 2002; Jeon et al., 2012),

this experiment was designed to include sessions with and

without the presence of vibration so as to assess the effect of

the presence of vibration on noise annoyance. As listed in

Table II, the experiment consisted of four sessions: (1) eval-

uation of noise annoyance without the presence of vibration,

(2) evaluation of total annoyance of noise and vibration, (3)

evaluation of noise annoyance with the presence of vibra-

tion, and (4) evaluation of vibration annoyance. Each subject

attended the four sessions on two separate days: sessions 1

and 2 on the first day of the experiment and sessions 3 and 4

during the second day. Each subject was exposed to a total

of 42 stimuli, with 12 noise stimuli (session 1), 24 combina-

tions of simultaneous noise and vibration stimuli (sessions 2

and 3), and six vibration stimuli (session 4). Stimuli were

randomly presented to subjects to balance order effects, and

the subjects participated in each test session twice in order to

enhance the reliability.

During the experiment, subjects were asked to rate their

annoyance using an 11-point numerical scale (with 0 as “not

at all” and 10 as “extremely”) as in previous studies (Jeon

et al., 2010; Jeon et al., 2011) according to the following

instruction: “Please rate each stimulus on an 11-point scale

according to your annoyance assuming that you are exposed

to it at home.” They were instructed to consider everything

that they heard and felt for the 45 s period, and asked to imag-

ine that there was around twenty train pass-bys per hour dur-

ing the day time. A task was not given to the subjects in this

experiment and subjects were asked to relax as much as possi-

ble during the experiment. Prior to beginning the experiment,

two movie clips of passing trains accompanying the recorded

sounds were presented to the subjects, and each subject

attended an orientation session to familiarize themselves with

the stimuli and evaluation using the 11-point numerical scale.

E. Statistical analysis

All statistical analyses were carried out using SPSS for

Windows, version 20.0 (SPSS, Inc., Chicago, IL). An analysis

of variance model was adopted to examine (1) whether the rep-

lications had an influence on annoyance ratings, (2) whether

the presentation of vibration affected noise annoyance, and (3)

any significant differences between noise annoyance and total

annoyance. Independent samples t-tests were also used to

investigate any effects of subject ethnicity (Korean and British)

and sensitivity to noise (low and high). Linear regression analy-

sis was performed to derive regression models for predicting

total annoyance caused by noise and vibration stimuli.

III. RESULTS

Analysis of variance was used to estimate the significan-

ces of differences in in annoyance ratings across replications

(first and second responses) and levels of noise. Comparisons

of the first and second ratings indicated that mean annoyance

scores obtained in the first responses were not significantly

different from those obtained from the second responses

(p> 0.10 for all sessions), and there were no significant first

order or second order interaction effects between replication

and noise levels (p> 0.10 for all sessions). Mean correlation

coefficients between the first and second ratings for each sub-

ject ranged from 0.81 to 0.87 for noise and vibration annoy-

ance. Subjective responses were averaged across subjects and

across replications in the detailed analysis.

A. Effect of façade insulation on noise annoyance

Figure 5 indicates the noise annoyance ratings for tests

without the presence of vibration as a function of outdoor

TABLE II. Evaluation required and stimuli for the four sessions of the labo-

ratory experiment.

Sessions Evaluation Noise and vibration stimuli

Session 1 Noise annoyance Six levels of noise

(windows-open)

Six levels of noise

(windows-closed)

Session 2 Total annoyance Six levels of noise

(windows-open)

with six levels of vibration

Six levels of noise

(windows-closed)

with six levels of

vibration

Session 3 Noise annoyance Six levels of noise

(windows-open)

with six levels of vibration

Six levels of noise

(windows-closed)

with six levels

of vibration

Session 4 Vibration annoyance Six levels of vibration
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LAE. The mean annoyance scores and the standard errors are

listed in Table III. It was found that noise annoyance ratings

increased as sound pressure level increased, and ratings for

the windows-open conditions were significantly greater than

those for the windows-closed condition (p< 0.01). The dif-

ference between the annoyance ratings for façade insulations

slightly increased with increasing sound pressure level.

Correlation coefficients between noise annoyance ratings

and outdoor LAEs for the windows-open and windows-closed

conditions were 0.98 and 0.96 (p< 0.01 for all),

respectively.

B. Effect of presence of vibration on noise annoyance

In order to investigate the effect of vibration on noise

annoyance, noise annoyance ratings obtained from sessions

1 and 3 were compared. As shown in Figs. 6(a) and 6(b),

noise annoyance ratings for noise-only sessions were simi-

lar to the ratings for the sessions with vibration in both

windows-open and windows-closed conditions. Results of

an analysis of variance [2 sessions� 6 sound pressure lev-

els] confirms that the effect of the presence of vibration on

noise annoyance was not significant for the windows-open

condition [F(1,468)¼ 0.75, p> 0.38] and windows-closed

condition [F(1,468)¼ 0.94, p> 0.33]. It was also observed

that the interaction between sessions and sound pressure

level was not significant for the windows-open condition

[F(5,468)¼ 0.19, p> 0.96] or windows-closed condition

[F(5,468)¼ 0.89, p> 0.48].

FIG. 5. Mean noise annoyance ratings for tests without the presence of

vibration as a function of outdoor LAEs.

TABLE III. Annoyance ratings for both windows-open and windows-closed conditions (M¼mean annoyance ratings, rm¼ standard error of the mean).

Outdoor LAE [dB]

Windows condition Evaluation 96.0 93.1 90.3 86.5 84.0 80.5

Open Noise annoyance

(without presence of vibration)

M 8.5 7.6 6.4 5.7 4.9 3.8

rm 1.13 1.25 1.53 1.47 1.58 1.28

Total annoyance M 9.2 8.4 7.4 6.7 5.4 4.8

rm 0.75 1.21 1.30 1.38 1.22 1.31

Noise annoyance

(with presence of vibration)

M 8.5 7.7 6.4 5.8 4.9 4.1

rm 1.09 1.32 1.37 1.27 1.44 1.24

Closed Noise annoyance

(without presence of vibration)

M 3.2 2.2 2.0 1.4 1.0 0.6

rm 1.23 1.03 1.10 0.76 0.99 0.89

Total annoyance M 6.5 5.3 4.5 3.0 2.3 1.8

rm 1.77 1.82 1.41 1.46 1.26 1.13

Noise annoyance

(with presence of vibration)

M 2.7 2.3 1.8 1.3 1.0 0.6

rm 1.28 1.12 0.92 1.05 0.99 0.82

FIG. 6. Mean noise annoyance ratings for tests with and without the pres-

ence of vibration as a function of outdoor LAEs (a) windows-open and (b)

windows-closed.
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C. Comparison of noise annoyance with total
annoyance

Figures 7(a) and 7(b) show the noise annoyance and total

annoyance ratings obtained from sessions 1 and 2 for two

façade conditions. In order to examine the differences between

annoyance ratings, the two sessions (noise only and combined

sessions) and LAEs were subjected to an analysis of variance [2

sessions � 6 sound pressure levels]. As shown in Fig. 6(a),

total annoyance ratings were significantly greater than noise

annoyance ratings [F(1, 468)¼ 40.4, p< 0.01], and the differ-

ences between them were significant at five sound pressure

levels, but not for the outdoor LAE of 84.0 dB (p> 0.17) for

the windows-open condition. Interaction between sessions and

levels was not significant [F(5, 468)¼ 0.44, p> 0.82].

Similarly, for the windows-closed condition, the ratings were

significantly affected by sessions [F(1, 468)¼ 246.9, p< 0.01]

and the interaction between sessions and sound pressure levels

was not significant [F(5, 468)¼ 0.89, p> 0.48]. The differen-

ces between noise annoyance and total annoyance ratings were

significant at all sound levels.

The two façade insulations had slightly different tenden-

cies in the difference between noise annoyance and total

annoyance ratings. For the windows-open condition, the dif-

ferences were constant, which means the contributions of

vibration to total annoyance ratings were almost the same at

each level. However, for the windows-closed condition with

a quiet indoor environment, differences between the noise

annoyance and total annoyance ratings increased with an

increase of vibration levels. This is because vibration annoy-

ance ratings were greater than noise annoyance ratings for

the windows-closed condition at locations near the railway.

D. Vibration annoyance

Vibration annoyance ratings are plotted in Figs. 8(a) and

8(b) as a function of rms acceleration and VDV, respectively,

and mean annoyance ratings are listed in Table IV. Mean

vibration annoyance ratings increased as vibration levels

increased and were highly correlated with both rms and VDV,

giving the same correlation coefficients of 0.98 (p< 0.01).

IV. DISCUSSION

A. Influences of vibration on noise annoyance

The laboratory experiment revealed that there were no

significant influences of vibration on noise annoyance ratings

for either of the two window conditions. These results are

consistent with the findings of Howarth and Griffin (1990b),

in which vibration did not influence judgments of the noise

of conventional trains in the laboratory. However, other

studies have found the opposite, reporting a synergetic effect

of vibration on the noise annoyance of high-speed trains

(Yano et al., 2005; Yokoshima and Tamura, 2005) and the

discomfort caused by noise (Huang and Griffin, 2012). The

disagreement may be attributed to the different research

methodologies and different stimuli. Studies of high speed

train noise (Yano et al., 2005; Yokoshima and Tamura,

FIG. 7. Mean noise annoyance ratings for tests without the presence of

vibration and mean total annoyance ratings as a function of outdoor LAEs;

(a) windows-open and (b) windows-closed.

FIG. 8. Mean vibration annoyance ratings; (a) as a function of rms and

(b) as a function of VDV.
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2005) employed social surveys with subjects who had long-

term exposures to noise and vibration. In contrast, the sub-

jects in this study were only exposed to the high-speed train

noise during the study and there was no consideration of the

cumulative effect of trains (different numbers of trains or

time of day of the train pass-by). In a laboratory experiment,

Huang and Griffin (2012) used reproductions of noise and

vibration stimuli recorded in an automobile during driving.

Their noise levels corresponded to the range levels used in

the windows-open condition of the present study, but the

vibration was much greater. Huang and Griffin (2012)

reported that vibration masked the discomfort of noise but

only when the magnitude of vibration was greater than the

highest magnitude used in the present study. This study

assumed that the buildings were wooden-framed structures, to

maximize the amplitudes of the vibration stimuli. Thus, it is

expected that vibration-induced by high-speed trains will not

have a significant impact on noise annoyance in either ma-

sonry or concrete buildings because vibration levels in heavy-

weight structures are less than in light-weight structures.

B. Influences of inter-subject variability on annoyance

Several researchers have demonstrated that inter-subject

variability has an influence on subjective responses to noise

and vibration. Causes of inter-subject variability identified by

previous studies include: age (Fields, 1993), gender (Fields,

1993), experience and cultural difference (Jeon et al., 2011),

and noise sensitivity (Miedema and Vos, 2003). In the present

study, noise and vibration sensitivities as well as cultural dif-

ference (ethnicity) were chosen to assess the influence of

inter-subject variability on subjective responses.

To investigate the effects of sensitivity on annoyance

ratings, the subjects were divided into two groups according

to their standardized sensitivity scores, based on the proba-

bility density function of the sensitivity scores. Cumulative

probability (CP) and standardized score (z) for the two

groups were 50% and 0, respectively. Nine and 11 subjects

belonged to high and low noise sensitivity groups while an

equal number of subjects were categorized in the low and

high vibration sensitivity groups. Independent t-tests were

conducted with annoyance ratings as a dependent variable

and sensitivity as an independent variable. It was found that

vibration sensitivities did not produce significant differences

in total annoyance ratings for the façade conditions or vibra-

tion annoyance ratings. Contrary to vibration sensitivity,

noise sensitivities were associated with significant differen-

ces in annoyance ratings. For windows-open conditions there

was a general tendency for greater annoyance ratings in the

high sensitivity group than in the low sensitivity group,

however, differences between the two groups for noise

annoyance without the presence of vibration, and for total

annoyance were not statistically significant. As shown in

Fig. 9, significant differences between the two groups were

found with outdoor LAEs of 80.5, 84.0, and 90.3 dB for

annoyance ratings obtained from the combined noise and

vibration condition (p< 0.05 for all). For windows-closed

conditions, significant differences between the two groups

were observed for total annoyance and noise annoyance rat-

ings from the conditions with the presence of vibration. As

shown in Figs. 10(a) and 10(b), the difference in total annoy-

ance ratings between the groups was significant only with an

outdoor LAE of 86.5 dB (p< 0.05) while two significant dif-

ferences in annoyance ratings from combined noise and

vibration condition were found with outdoor LAEs of 93.1

and 96.0 dB (p< 0.05 for all). Previous studies have investi-

gated the effect of noise sensitivity on subjective judgment

and reactions in noise only conditions (€Ohrstr€om, 1995;

Miedema and Vos, 2003). The findings of the present study

demonstrate that the influence of noise sensitivity on noise

annoyance ratings is also significant in combined noise and

vibration conditions. However, a limited number of subjects

participated in the present study, therefore, it would be nec-

essary to expand the laboratory experiment using substantial

more subjects in the future.

During the interviews, all of the Korean subjects said

they had experienced traveling by high-speed train, whereas

only eight of the ten British subjects replied that they

TABLE IV. Vibration annoyance ratings (M¼mean annoyance ratings,

rm¼ standard error of the mean).

Unweighted rms acceleration level [m/s2]

0.079 0.053 0.036 0.020 0.014 0.008

M 7.3 5.6 4.4 2.4 1.6 0.6

rm 1.44 1.31 1.36 0.73 0.75 0.74

FIG. 9. Mean annoyance ratings for noise sensitivity groups (low and high)

in windows-open; (a) total annoyance and (b) noise annoyance in the pres-

ence of vibration.

2132 J. Acoust. Soc. Am., Vol. 133, No. 4, April 2013 P. Lee and M. J. Griffin: Combined effect of noise and vibration

Downloaded 04 Apr 2013 to 152.88.90.144. Redistribution subject to ASA license or copyright; see http://asadl.org/terms



experienced high-speed train travel. More precisely, six

Korean subjects had traveled by high-speed train less than

five times while one and three Korean subjects used high-

speed train five to ten times or more than ten times, respec-

tively. All of the British subjects with experience of high-

speed trains had traveled less than five times. There were no

differences in noise and vibration sensitivities between

Korean and British subjects. The mean and standard devia-

tion of noise sensitivity for Korean subjects were 5.2 and

1.9, while those for British subjects were 5.9 and 1.5, respec-

tively. Mean vibration sensitivities for Korean and British

subjects were also similar (5.9 for Korean and 5.6 for

British). Statistical tests were conducted in order to see

whether ethnicity (Korean and British) produced significant

differences in terms of subjective judgments. Independent

t-tests were performed with the annoyance ratings as the

dependent variable. The results revealed that there were no

significant differences between two groups for all façade

conditions and sessions. The p-values obtained from the in-

dependent t-tests were larger than 0.22 except for total

annoyance ratings of windows-closed condition (p¼ 0.07).

This may be because, contrary to expectations, most British

subjects had also experienced travel by high-speed train and

movie clips including trains decreased fear and increased fa-

miliarity with high-speed trains.

C. Prediction of total annoyance caused by noise
and vibration

Predictions of total annoyance produced by combined

noise and vibration were determined using models for pre-

dicting annoyance due to combined noise sources. The mod-

els adopted in the present study are the dominance model

(Rice and Izumi, 1984) and the independent effect model

(Taylor, 1982). In the dominance model, the total annoyance

is equal to the maximum of the single source annoyance,

whereas the independent effect model assumes that separate

sources make independent contributions to total annoyance.

In order to evaluate the reliability of the two models,

multiple regression analysis was performed in a similar man-

ner to a previous study (Nguyen et al., 2012). The regression

equations drawn from the multiple regression analysis are

listed in Table V. They represent the relationship between

individual annoyance ratings for each source and the total

annoyance ratings. The coefficients of determination (R2)

and the standard errors of the estimate were also calculated.

For the windows-open condition, the independent effects

model was found to be slightly better than the dominance

model in terms of the coefficient of determination. The

standard error of the independent effects model was also

slightly less than that obtained from the dominance model.

Standardized regression coefficients of the noise and vibra-

tion obtained from the regression equation of the independ-

ent effects model were 0.57 and 0.33, respectively (p< 0.01

for all). This indicates that noise annoyance has a great effect

on total annoyance, more than vibration annoyance.

Similarly, the independent effects model (R2
¼ 0.72) esti-

mated the total annoyance slightly better than the dominance

model (R2
¼ 0.68) in the regression equations for the

windows-closed condition. The standardized regression

coefficients for noise and vibration annoyance were 0.38 and

0.55 (p< 0.01 for all) respectively, showing the opposite

tendency to the results of the windows-open condition. This

FIG. 10. Mean annoyance ratings for noise sensitivity groups (low and high)

in the windows-closed condition; (a) total annoyance and (b) noise annoy-

ance in the presence of vibration.

TABLE V. Regression equations obtained from prediction models; AT: total annoyance, AD: annoyance score of dominant source, AN: noise annoyance, AV:

vibration annoyance.

Windows condition Model Regression equation R2 Standard error

Open Dominance AT¼ 0.78AD þ 2.179 0.69a 1.099

Independent effects AT¼ 0.54AN þ 0.25AV þ 2.742 0.72a 1.037

Closed Dominance AT¼ 0.733AD þ 1.147 0.68a 1.270

Independent effects AT¼ 0.64AN þ 0.48AV þ 1.033 0.72a 1.185

ap< 0.01.

J. Acoust. Soc. Am., Vol. 133, No. 4, April 2013 P. Lee and M. J. Griffin: Combined effect of noise and vibration 2133

Downloaded 04 Apr 2013 to 152.88.90.144. Redistribution subject to ASA license or copyright; see http://asadl.org/terms



shows that the contribution of noise annoyance to total

annoyance is dependent on the magnitude of noise stimuli.

D. Policy implications

A number of studies (Schultz, 1978; Miedema and Vos,

1998) have reported on the exposure-response relationship for

transportation noise sources. Noise regulations in the EU and

non-EU countries are developed based on the relationship

between exposure to a single source and annoyance. However,

the present study demonstrates that total annoyance produced

by noise and vibration is greater than noise annoyance, regard-

less of sound insulation performance of windows or distances

from the railway track, and the difference between total annoy-

ance and noise annoyance is significant. This implies that noise

annoyance does not reflect a subject’s whole reaction to high-

speed trains, and train-induced vibration should be considered

in the assessment of community response to high-speed trains.

Both the dominance model and the independent effects model

could be used to predict total annoyance caused by noise and

vibration, just as international standard on assessment of envi-

ronmental noise (ISO 1996-1, 2003) describes the equivalent-

level method for evaluating annoyance caused by exposure to

sounds in multi-source environments.

The concept of soundscape has been introduced to inte-

grate auditory information with other sensory modalities

(Schafer, 1977) and non-auditory factors influencing sound-

scape perception have been proposed (Schomer et al., 2010;

Jeon et al., 2011). Few studies have examined vibration as a

descriptor of soundscape (Schulte-Fortkamp, 2001), but this

study implies that global perception of a specific environ-

ment can be affected by vibration. The vibration produced

by transportation and machinery should be considered as a

component of the soundscape when making standards,

designing soundscapes, and establishing regulations on the

acoustic environment.

V. CONCLUSIONS

For noise and vibration conditions similar to those that

may be encountered in a building during the passage of a

nearby high-speed train, judgments of noise annoyance were

not affected by vibration with either a windows-open or a

windows-closed condition. Total annoyance caused by com-

bined noise and vibration was significantly greater than noise

annoyance with both window conditions, and well predicted

by the maximum of the single source annoyance or the inte-

gration of individual annoyance ratings. Noise sensitivity

had a significant influence on total annoyance as well as

noise annoyance, but ethnicity did not influence annoyance.
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