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The present research quantifies the influence of source type and the presence of audible

vibration-induced rattle on annoyance caused by vibration in residential environments. The sour-

ces of vibration considered are railway and the construction of a light rail system. Data were

measured in the United Kingdom using a socio-vibration survey (N¼ 1281). These data are ana-

lyzed using ordinal logit models to produce exposure-response relationships describing commu-

nity annoyance as a function of vibration exposure. The influence of source type and the presence

of audible vibration-induced rattle on annoyance are investigated using dummy variable analysis,

and quantified using odds–ratios and community tolerance levels. It is concluded that the sample

population is more likely to express higher levels of annoyance if the vibration source is construc-

tion compared to railway, and if vibration-induced rattle is audible. VC 2016 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1121/1.4944563]

[SF] Pages: 1225–1234

I. INTRODUCTION

The aim of this paper is to quantify the influence of two

factors on exposure-response relationships for annoyance

caused by vibration in residential environments: (1) whether

the vibration is caused by a railway or construction source,

and (2) whether the vibration induces audible rattling. This

is achieved through further analysis of the dataset reported

in Waddington et al. (2014).

Exposure-response relationships provide a method for

predicting the percentage of a population expected to express

a given degree of annoyance for a given level of exposure

to vibration or noise. Exposure-response relationships for

different sources of environmental noise (Miedema and

Oudshoorn, 2001) have had a strong influence on European

(EC/DG Environment, 2002) and North American (Fidell,

2003) noise policy. Similar relationships for environmental

vibration are therefore of interest.

Field studies have been conducted in Europe (Turunen-

Rise et al., 2003; Klæboe et al., 2003a, 2003b; Gidl€of-

Gunnarsson et al., 2012; Waddington et al., 2014), North

America (Zapfe et al., 2009), and Japan (Yano, 2005) to col-

lect the data necessary to derive exposure-response relation-

ships to predict annoyance due to vibration. These studies

have all focused on railway-induced vibration, with the

exception of Turunen-Rise et al. (2003) where vibration

from road traffic was investigated and Waddington et al.
(2014) where vibration from railways and the construction

of a light rail system were investigated.

A common feature of these field studies is that vibration

exposure is found to explain a relatively small proportion of

the variance in the exposure-response relationship,

suggesting that there are other factors that mediate and mod-

erate the relationship (Fidell et al., 2011). Similar observa-

tions have been made in studies into the human response to

environmental noise, with exposure-response relationships

including only noise exposure as an independent variable typ-

ically explaining not more than 20% of the variation in

annoyance (Fields, 1993; Job, 1988; Brink and Wunderli,

2012). The unexplained portion of the variance in the annoy-

ance response to noise has been attributed to the inability of

single figure noise exposure descriptors to properly describe

human perception (Dittrich and Oberfeld, 2009; Kryter,

2007) and non-acoustical factors (Marquis-Favre and Premat,

2005; Marquis-Favre, 2005). “Non-acoustical factors” refer

to situational, attitudinal, and socio-demographic factors that

may not be related to noise exposure but nevertheless have

an influence on the annoyance response.

A similar term, “non-exposure factors,” has been sug-

gested to describe factors that influence the response to

vibration (Peris et al., 2014). Peris et al. (2014) investigated

the influence of attitudinal, situational, and socio-

demographic factors on self-reported annoyance due to

railway-induced vibration. This study led to the quantifica-

tion of the influence of these factors on annoyance including

concern of property damage, visibility of the vibration

source, and age of the respondent. Sharp et al. (2014) ana-

lyzed this dataset to investigate the influence of different

sources of railway vibration on annoyance, namely, passen-

ger and freight trains. It was found that for the same level of

vibration exposure, vibration from freight trains elicited a

higher annoyance response than annoyance from passenger

trains.

Vibration-induced rattle has been shown to influence the

annoyance response to noise (Borsky, 1965; Hubbard and

Mayes, 1967). Fidell et al. (1999, 2002) investigated thea)Electronic mail: j.s.woodcock@salford.ac.uk
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relationship between low-frequency aircraft noise and

annoyance due to rattle and vibration. It was suggested that

this relationship could complement the interpretation of the

exposure-response relationships for aircraft noise, with high

levels of annoyance explained in part by vibration-induced

rattling of elements such as window frames and household

objects such as crockery. There have been similar findings

for helicopter noise (Schomer and Neathammer, 1987) and

rail noise (Schomer et al., 2012).

In a socio-vibration survey conducted in North America,

Zapfe et al. (2009) found that 14.2% of respondents reported

noticing rattling sounds when trains passed by, although the

influence this had on the annoyance response was not inves-

tigated. In surveys conducted in the Netherlands and Poland,

Janssen et al. (2015) found vibration-induced rattle to have a

significant contribution to the annoyance response to vibra-

tion, largely mediating the effect of vibration exposure.

The present paper explores the influence of vibration

source and vibration-induced rattle on annoyance due to

railway- and construction-induced vibration. The study

draws on data measured in a socio-vibration survey con-

ducted in the United Kingdom (Waddington et al., 2014),

where it was shown that for the same magnitude of vibration

exposure the annoyance response was significantly higher

for construction-induced vibration than for railway-induced

vibration. The methodology used to collect the exposure and

response data, and the statistical methods applied to these

data are described in Sec. II. The difference in the annoyance

response to railway induced-vibration and construction-

induced vibration is quantified in Sec. III, along with the

influence of audible vibration-induced rattle. Finally, conclu-

sions and recommendations for future work are presented in

Sec. IV.

II. METHODS

A. Field survey

This section provides an overview of the field methodol-

ogy used to collect the data analyzed in this paper. The aim

of the field survey was to produce a database of responses to

vibration and associated estimates of exposure from which

robust exposure-response relationships could be derived.

Further details of the methodology can be found in

Waddington et al. (2014), and a validation of the prediction

techniques can be found in Sica et al. (2014).

1. Measurement of response

Response to vibration was measured using a social sur-

vey questionnaire (Whittle et al., 2015) that was conducted

face-to-face with residents in their own homes by trained

researchers from the Salford Housing and Urban Studies

Unit. The questionnaire measured responses to annoyance

due to various sources of environmental noise and vibration.

As well as annoyance, responses were collected to various

attitudinal, situational, and socio-demographic factors. To

avoid biasing responses to the questions on noise and

vibration, the questionnaires were presented as a survey of

neighborhood satisfaction.

Surveys were conducted in areas that had dwellings situ-

ated within around 150 m of either an existing railway line

or the construction of a new light rail system. Each question-

naire took, on average, 20 min to complete. In total, 931

questionnaires were conducted with residents living close to

a railway and 350 questionnaires were conducted with resi-

dents living close to the construction of a light rail system.

After neutral filter questions asking whether the re-

spondent was able to feel vibration or notice vibration-

induced rattling in their home from a variety of different

sources, the following questions were asked to measure their

annoyance:

“Thinking about the last 12 months or so, when indoors
at home, how bothered, annoyed or disturbed have you
been by feeling vibration or shaking or hearing or
seeing things rattle vibrate or shake caused by…”

“…the railway including passenger trains, freight
trains, track maintenance or any other activity from the
railway.”

for railway sources and

“…construction activity including demolition, piling,
road works, drilling, surface activity such as bulldozers
and loading trucks and any other construction activity.”

for construction sources.

This question explicitly addresses two modalities of

vibration perception, feeling vibration, and audible effects of

vibration manifested as rattling. Responses to this question

were recorded on a five-point semantic scale with the cate-

gory labels “Not at all,” “Slightly,” “Moderately,” “Very,”

and “Extremely” and also on an 11 point numerical scale

with the anchor points Not at all and Extremely.

The main criteria on which sites were selected were that

the site should be densely populated so as to maximize the

number of potential respondents and also that the site should

be subject to no confounding sources of environmental

vibration. Survey sites were first identified via desk work,

which was followed with a site reconnaissance to determine

suitability. In total, 12 measurement sites that were subject

to railway-induced vibration were selected across the North

West and Midland regions of England. Additionally, two

sites were identified around the construction of a new light

rail system. At these sites, the construction activities pro-

ceeded along the site in a linear fashion, meaning that ques-

tionnaires could be conducted with residents who had

already been exposed to the entire lifecycle of the construc-

tion activities associated with the site. It has been shown that

the different sub-sites do not have a significant effect on the

annoyance response for both the railway and construction

sources of vibration (Woodcock et al., 2011).

The socio-demographic characteristics of the sample

were found to be broadly similar to what was reported in the

2011 UK census. Some slight differences were found in

gender (an over-representation of female respondents),
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employment status (an over-representation of those describ-

ing themselves as unemployed), and tenure status (an over-

representation of homeowners in the railway sample and a

slight over-representation of those in social housing in the

construction sample).

2. Estimation of vibration exposure

Vibration was measured using Guralp 5-TD strong

motion accelerometers (Guralp Systems Ltd, Reading, UK)

and digitized at a frequency of 200 Hz. A measurement based

approach was used to ensure factors such as soil type, build-

ing type, and source characteristics were taken into account.

Long term vibration monitoring was conducted at external

positions for a period of 24-h. During the long term

monitoring, short term “snapshot” measurements which were

synchronized with the long term measurements were con-

ducted within the properties of residents who had completed a

questionnaire. The short term measurements were generally

around 30 min in duration, or a period that encompassed 5 to

10 train passes. For the internal snapshot measurements, the

measurement position was taken as close to the center of the

floor as possible of the room in which the respondent of the

questionnaire stated that they could feel the strongest magni-

tude of vibration. Estimations of 24-h internal vibration expo-

sure were obtained by determining the transmissibility

between the two measurement positions (Sica et al., 2014).

In total, 149 long term measurements were conducted

along with 522 snapshot measurements. Where it was not

possible to obtain a snapshot measurement, either due to a

respondent not being available or not allowing access to the

property to conduct a measurement, vibration exposure was

taken as the exposure in a dwelling of a similar type and dis-

tance from the source. As a similar property was not always

available, it was not possible to estimate vibration exposure

for all of the dwellings in which a questionnaire had been

conducted. This approach enabled the estimation of 24-h

internal vibration exposure in 752 dwellings.

The measurement approach adopted for railway was

impracticable for measuring construction activity vibration

due to the unpredictable hours of operation and the intermit-

tent nature of the source. Therefore, the measurement

approach for construction vibration required more emphasis

on extrapolation and correction of measured levels from one

location to estimate exposure in other locations (Sica et al.,
2014). Long term monitoring was conducted over a period of

around 2 months to monitor the entire life-cycle of the con-

struction activity. At times of high activity (during piling oper-

ations, for example), a linear array of external measurements

was conducted to determine attenuation laws for each mea-

surement site. The locations characterized enabled the estima-

tion of 24-h internal vibration exposure in 321 dwellings.

B. Choice of vibration exposure descriptor

For the vibration data analyzed in this paper, all of the

metrics suggested in current national and international stand-

ards are highly correlated with each other (Waddington

et al., 2014). This means that any of the metrics would be an

equally good predictor of annoyance as any other. The

results in this paper will be presented in terms of Wm

weighted vibration dose value (VDV). The Wm frequency

weighting is currently recommended in ISO 2631

(International Organization for Standardization, 1997, 2003)

and the VDV metric is currently recommended in ISO 2631

and BS 6472 (International Organization for

Standardization, 1997, 2003; British Standards Institute,

2008). The VDV metric is perceptually based and is derived

from the fourth power relationship found in laboratory

studies into the relationship between vibration exposure

and annoyance (Howarth and Griffin, 1988, 1991). VDV is

calculated using

VDV ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðT

0

a4
wðtÞdt

4

s
; (1)

where awðtÞ is the weighted acceleration time history and T
is the duration of awðtÞ in seconds.

For the current dataset, the logarithmic form of the

vibration exposure metric exhibits a greater correlation with

the annoyance a linear metric (Waddington et al., 2014).

The models calculated in this paper will therefore be derived

using VDV expressed as a base 10 logarithm.

C. Statistical methods

The statistical models used in this paper are predomi-

nantly cumulative link models, namely, the ordered logit

model (Agresti, 2002). This family of regression models is

particularly suited to ordinal response variables (Long,

1997), as is the case with the annoyance response data

measured in the social survey described in Sec. II A 1. They

overcome the problems associated with using linear regres-

sion methods to model categorical data, such as the resulting

models giving prediction outside of the permissible range of

responses, and also avoid the violation of the standard

assumptions required for linear models. These models have

been successfully applied in previous studies to socio-

vibration field data (Klæboe et al., 2003b; Zapfe et al., 2009;

Peris et al., 2014).

Given an ordinal response variable Yi that can fall into

j ¼ 1; :::; J categories, Yi follows a multinomial distribution

p where pij denotes the probability that the ith observation

falls in response category j. The cumulative probability cij

that the ith observation falls into response category j or lower

is defined as

PðYi � jÞ ¼ pi1 þ :::þ pij: (2)

The logit function is defined as

logit pð Þ ¼ ln
p

1� p

� �
: (3)

From Eqs. (2) and (3), the cumulative logit is defined as

logit cijð Þ ¼ ln
P Yi � jð Þ

1� P Yi � jð Þ j ¼ 1; :::; J � 1: (4)

The cumulative logit model is formed as a regression model

for the cumulative logit as shown in Eq. (4)
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logitðcijÞ ¼ hj � xT
i b; (5)

where hj is the intercept parameter for the jth category, xi is

a set of independent variables, and b are regression coeffi-

cients to be estimated. The coefficients for this model can be

estimated via maximum likelihood.

This model differs from the model proposed by

Groothuis-Oudshoorn and Miedema (2006), which is a type

of ordinal probit model with fixed thresholds and as such

allows any threshold of annoyance to be modeled. The

advantage of using an ordinal logit model to address the ques-

tions posed in this paper is that the parameter estimates that

result can be intuitively interpreted as odds–ratios, which is

not the case for ordinal probit models. This is particularly use-

ful for examining the influence of dummy variables.

Odds–ratios describe the odds that an outcome will

occur given a particular condition, compared to the outcome

occurring in the absence of that condition (Long, 1997).

Odds–ratios are related to logistic regression models through

the estimated b coefficients. All other variables held con-

stant, ebn represents the odds of the modeled outcome occur-

ring given the condition represented by the nth independent

variable. For example, if ebn ¼ 2 where bn is the parameter

estimate for a variable describing some binary factor in a

model of the percentage of the population who are highly

annoyed, this can be interpreted as meaning that, all other

variables in the model held constant, the population for

which this factor is present is twice as likely to be highly

annoyed compared to the population for which this factor is

not present. In the same model, an odds–ratio of 0.5 would

be interpreted as meaning the population for which this fac-

tor is present is half as likely to be highly annoyed compared

to the population for which this factor is not present. This

can be extended to an ordinal variable with more than two

levels, with the odds–ratio representing the odds of the mod-

elled outcome occurring in a higher category.

In Sec. III, dummy variables for source type and

whether rattle is noticed are included as additive effects to

an exposure-response model with annoyance as the depend-

ent variable and vibration exposure as the independent vari-

able. Likelihood ratio tests (LRTs) are used to confirm

whether the inclusion of a variable in the model results in a

significant improvement in the model fit (Long, 1997) over

the exposure only model. All reported models were calculated

using the “ordinal” package (version 2016.6-28) in R (version

3.2.1). Reported probabilities were calculated using the

“predict” function from the ordinal package and were con-

verted to the probability of a response falling into the J-th cat-

egory or higher by taking 1 minus the calculated probability.

III. RESULTS

A. Overview of dataset

1. Response data

Questionnaires (931) were conducted with residents living

within 150 m of a railway line and 350 questionnaires were con-

ducted with residents living within 150 m of the construction of

a light rail system. It was possible to estimate a corresponding

vibration exposure for 752 of the respondents in the railway

dataset and 321 respondents in the construction dataset using the

methods outlined in Sec. II A 2. All of the analyses in the present

paper were performed using these 1073 data.

Tables I and II show the number of respondents able to

feel vibration or notice audible vibration-induced rattle for

the railway and construction source, respectively. These

tables show that, apart from respondents stating they are

unable to feel vibration but are able to notice rattle, the dis-

tribution of responses both within and between the two

source types is fairly even. Table III provides an overview of

the annoyance responses to the two sources of vibration.

2. Exposure data

Figures 1 and 2 provide an overview of the estimated

vibration exposure for the two sources of vibration in terms

of Wm weighted VDV evaluated over a 24–hour period (see

Sec. II B). It can be seen that vibration exposures estimated

for the two sources each have a range of around 30 dB.

B. Relationships for the separate sources

Ordinal logistic regression models were calculated from

the data measured for the railway and construction sources

of vibration with the annoyance response as the dependent

variable and the vibration exposure as the independent vari-

able. The parameter estimates for the calculated models are

presented in Tables IV and V. Each of the models was found

to be significant compared to the intercept only model

(p< 0.001).

Figures 3 and 4 show the exposure-response relation-

ships for annoyance due to railway-induced vibration and

construction-induced vibration, respectively. Unless other-

wise stated, all parameter estimates presented in this paper

are significant to at least the 0.01 level. The relationships are

presented in terms of cumulative probabilities and can be

interpreted as the percentage of respondents expressing

annoyance in the given category or higher.

C. Influence of source type

To investigate the influence of whether the source of

vibration is railway or construction on annoyance, a dummy

TABLE I. Number of respondents reporting being able to feel vibration or

notice audible rattle from railway sources.

Railway

Don’t notice rattle Notice rattle

Don’t feel vibration 254 (34%) 19 (3%)

Feel vibration 312 (41%) 167 (22%)

TABLE II. Number of respondents reporting being able to feel vibration or

notice audible rattle from construction sources.

Construction

Don’t notice rattle Notice rattle

Don’t feel vibration 95 (30%) 4 (1%)

Feel vibration 105 (33%) 117 (36%)
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variable was created for source type which took on a value

of 1 if the source of vibration was railway or 0 if the source

of vibration was construction. A LRT confirmed that the

inclusion of the source type dummy variable into the expo-

sure only model resulted in a significant improvement in the

model fit (LRT¼ 33.2, p< 0.001). A Brant test (Long, 1997)

indicated that the proportional odds assumption was violated

with the inclusion of the source type dummy variable

(LRT¼ 45.5, p< 0.001). To account for this, the model was

re-calculated using a generalized ordinal logistic regression

model. This model relaxes to proportional odds assumption

by allowing the effect of an independent variable to vary

across different category cut points of the ordinal dependent

variable (Williams, 2006). The results of this model are

shown in Table VI. The threshold coefficients appended with

“.Source” indicate the difference between the coefficients

for the two levels of the “Source” dummy variable. It can be

seen that the effect of Source type increases from 0.10 at the

lowest level on the annoyance scale and 2.05 at the highest

level, suggesting that the influence of source type increases

at higher levels of annoyance. This corresponds to an odd-

s–ratio (i.e., the odds of reporting annoyance in a higher cat-

egory if the source of vibration is construction) of 1.1 for the

lowest category (Notice vibration or higher) up to 7.8 for the

highest category (Very annoyed or higher).

D. Influence of audible rattle

As discussed in Sec. I, there have been a small number

of studies into the influence of audible vibration-induced rat-

tle on annoyance due to environmental noise. The general

finding of these studies is that, for the same noise exposure,

higher annoyance ratings are observed if vibration-induced

audible rattle is present. In the social survey questionnaire,

respondents were asked whether they noticed windows,

doors, or crockery rattle due to vibration from the source

under investigation. The response to this question was

recorded as either “Yes” or “No” for each object or element.

To investigate the influence of audible rattle on annoy-

ance due to vibration, a dummy variable was created which

took on a value of 1 if the respondent reported noticing rattle

from any of the objects mentioned above, or 0 otherwise.

This variable was included as an independent variable in the

model detailed in Sec. III B. A LRT confirmed that the inclu-

sion of the notice rattle dummy variable resulted in a signifi-

cant improvement in the model fit (LRT¼ 229.1, p< 0.001).

A Brant test confirmed that the proportional odds assumption

was met for the notice rattle dummy variable (LRT¼ 6.5,

TABLE III. Overview of annoyance responses to the two vibration sources.

Railway Construction

Don’t notice 273 (36%) 99 (31%)

Not at all 255 (34%) 73 (23%)

Slightly 97 (13%) 28 (9%)

Moderately 67 (9%) 34 (11%)

Very 45 (6%) 29 (9%)

Extremely 15 (2%) 58 (18%)

FIG. 1. Histogram showing the distribution of estimated vibration exposures

for the railway dataset.

FIG. 2. Histogram showing the distribution of estimated vibration exposures

for the construction dataset.

TABLE IV. Results of the ordered logit model for annoyance due to vibra-

tion from mixed rail (N¼ 752).

Coefficient Estimate SE 5% 95%

Threshold

Don’t notice—Not at all �2.81 0.36 �3.4 �2.21

Not at all—Slightly �1.19 0.35 �1.76 �0.61

Slightly—Moderately �0.49 0.35 �1.06 0.09

Moderately—Very 0.30 0.36 �0.29 0.89

Very—Extremely 1.76 0.42 1.06 2.45

Variable

log10(VDV m,24 h) 1.17 0.18 0.87 1.47
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p¼ 0.16). The results of the model are shown in Table VII

and the cumulative probabilities of a respondent falling into

a given category as a function of vibration exposure are pre-

sented in Fig. 5. From Table VII, the estimated coefficient

for the dummy variable which represents whether a respond-

ent notices audible rattle is 2.03, which corresponds to an

odds–ratio of 7.6. This result can be interpreted as indicating

that for the same vibration exposure expressed in Wm

weighted 24-h VDV, respondents are around seven and a

half times more likely to report annoyance in a higher

annoyance category if the vibration exposure is accompanied

by audible rattle. It can be noted that the model coefficient

for the source term is slightly reduced compared to the previ-

ous model.

Of the 307 respondents stating that they noticed rattle,

218 reported noticing rattling from windows, 203 noticed

rattling from doors, and 137 reported noticing rattling from

items of crockery. To investigate the influence that rattling

from each individual source had on annoyance, three dummy

variables indicating whether the respondent reported notic-

ing rattle from the three different sources were included as

independent variables in the model detailed in Sec. III B.

Inclusion of these three variables resulted in a significant

improvement in the model fit (LRT¼ 241.2, p< 0.001), and

a forward–backward stepwise procedure based on the

Akaike Information Criterion resulted in no variables being

dropped from the model. From this model, the odds of a re-

spondent expressing annoyance in a higher category are 2.27

if the respondent notices windows rattling, 3.10 if the

FIG. 3. Exposure–response relationship showing the percentage of the popu-

lation reporting different degrees of annoyance for a given vibration expo-

sure from railway.

FIG. 4. Exposure–response relationship showing the percentage of the popu-

lation reporting different degrees of annoyance for a given vibration expo-

sure from construction.

TABLE VI. Results of the ordered logit model for annoyance due to vibra-

tion from mixed rail and construction including a dummy variable for source

type (N¼ 1073). The coefficient for the source type variable has been

allowed to vary across category cut points.

Coefficient Estimate SE 5% 95%

Threshold

Don’t notice �3.15 0.28 �3.61 �2.69

Not at all �1.52 0.27 �1.96 �1.07

Slightly �0.81 0.27 �1.26 �0.36

Moderately �0.03 0.29 �0.5 0.44

Very 1.44 0.36 0.84 2.03

Don’t notice.Source �0.3 0.15 �0.54 �0.06

Not at all.Source �0.75 0.14 �0.99 �0.51

Slightly.Source �1.07 0.16 �1.33 �0.81

Moderately.Source �1.33 0.19 �1.64 �1.02

Very.Source �2.22 0.30 �2.72 �1.73

Variable

log10(VDV m,24 h) 1.35 0.14 1.12 1.58

TABLE V. Results of the ordered logit model for annoyance due to vibra-

tion from construction (N¼ 321).

Coefficient Estimate SE 5% 95%

Threshold

Don’t notice—Not at all �3.92 0.45 �4.66 �3.19

Not at all—Slightly �2.71 0.42 �3.39 �2.02

Slightly—Moderately �2.32 0.41 �2.99 �1.65

Moderately—Very �1.78 0.4 �2.44 �1.11

Very—Extremely �1.20 0.40 �1.86 �0.54

Variable

log10(VDV m,24 h) 1.59 0.22 1.23 1.95
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respondent notices doors rattling, and 3.42 is the respondent

notices crockery rattling.

IV. DISCUSSION

A. Validity of the exposure-response relationships

This paper has presented a number of different

exposure-response relationships for annoyance due to

environmental vibration. These relationships show the

growth of community annoyance as a function of vibration

exposure expressed as Wm weighted VDV assessed over a

24-hour period. The relationships present a basis to predict

the impact of environmental vibration in terms of commu-

nity annoyance. In interpreting these relationships, it is

important to consider the assumptions adopted in their crea-

tion and their validity.

The relationships describe the situation on a population

level, not the annoyance of individuals. Therefore, signifi-

cant deviations from the predicted levels of response can be

expected in the annoyance response of individuals and in

specific local “hotspot” situations. As the relationships

describe the steady-state community response, they are

useful for policy and strategic planning purposes such as pre-

dicting the long term effect of a change in vibration.

In the field of environmental noise it has been shown

that psychoacoustic metrics can be better predictors of

annoyance than engineering type metrics such as Leq and

LDEN (Fastl, 2005). Similar observations have been made by

considering the perception of vibration as a multi-

dimensional phenomenon (Woodcock et al., 2014). The find-

ings of laboratory studies cannot easily be applied to field

situations, as relationships based on field data describe long

term annoyance whereas laboratory studies describe short

term annoyance. Nevertheless, the findings of laboratory

studies suggest that there may be more appropriate

psychologically-based vibration exposure metrics than those

used in the current study.

Due to differences in the vibration exposure metric

used, the comparison of results between different socio-

vibration field studies is problematic. A meta-analysis of the

data from Zapfe et al. (2009), Turunen-Rise et al. (2003),

Waddington et al. (2014), and Janssen et al. (2015) sug-

gested that, although there are differences in the annoyance

responses between these studies, the data can be pooled to

form a single relationship (Persson Waye et al., 2014).

However, no distinction is made between cases with rattle

and no rattle within those datasets.

Although the vibration exposure metric may be different

between the present paper and those used in previous studies,

the ranges of vibration exposure and annoyance responses

are similar. Despite their limitations and uncertainties, the

relationships presented in this paper are valuable for assess-

ing community annoyance and for practical and strategic

planning.

B. Influence of source type

The results suggest that the human response to vibration

in residential environments differs significantly depending

on the source of vibration. As shown in Sec. III C, inclusion

of a dummy variable for source type resulted in a significant

improvement in the model fit over the exposure only model.

For the same level of vibration exposure expressed as Wm

weighted VDV assessed over a 24-h period, the sample pop-

ulation was found to be more annoyed by vibration from

construction sources than they were by railway sources.

This difference may be due to non-exposure factors, such as

TABLE VII. Results of the ordered logit model for annoyance due to vibra-

tion from mixed rail and construction including dummy variables for source
type and whether the respondent notices vibration-induced rattle (N¼ 1073).
The coefficient for the source type variable has been allowed to vary across
category cut points.

Coefficient Estimate SE 5% 95%

Threshold

Don’t notice �2.28 0.29 �2.76 �1.80

Not at all �0.40 0.29 �0.87 0.07

Slightly 0.42 0.29 �0.06 0.91

Moderately 1.33 0.31 0.82 1.84

Very 2.89 0.38 2.27 3.52

Don’t notice.Source �0.10 0.16 �0.36 0.16

Not at all.Source �0.55 0.16 �0.81 �0.29

Slightly.Source �0.91 0.17 �1.19 �0.63

Moderately.Source �1.16 0.2 �1.49 �0.83

Very.Source �2.05 0.31 �2.56 �1.54

Variable

log10(VDV m,24 h) 1.08 0.14 0.84 1.32

Notice rattle 2.03 0.14 1.80 2.26

FIG. 5. Exposure–response relationship showing the percentage of the popu-

lation reporting different degrees of annoyance for a given vibration expo-

sure from railway and construction vibration with and without audible

vibration-induced rattle.
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attitudes toward the source and features of the vibration that

are not quantified by the single figure vibration exposure

descriptor (in this case the VDV). This contrasts with the

findings of Turunen-Rise et al. (2003), where no significant

difference was found between annoyance due to vibration

from railway and road traffic sources. This difference may

be because the sources considered in Turunen-Rise et al.
(2003) were both transportation sources, whereas these

results compare a transportation source and a construction

source.

Significantly different annoyance responses have also

been observed for different sources of environmental noise

[see, for example, Miedema and Oudshoorn (2001)]. Fidell

et al. (2011) presents a method to quantify the differences

observed in the response of communities to environmental

noise. This measure, termed the community tolerance level

(CTL), is defined as the level of exposure at which half of

the community describe themselves as “highly annoyed” by

a given environmental noise source. CTL is utilized here to

quantify the differences in response to railway- and

construction-induced vibration by examining the level of

vibration at which the exposure-response model estimates

that 50% of respondents would describe themselves as Very

annoyed or higher. From the model presented in Table VII

and setting the rattling term to 0, the CTL for railway is

67 dB (re 1� 10–4 m/s1.75) and the CTL for construction is

48 dB (re 1� 10–4 m/s1.75). This could be interpreted as the

population studied being 19 dB more tolerant of railway-

induced vibration than construction-induced vibration.

The perception of sound and vibration is traditionally

studied according to an “information processing” frame-

work, whereby it is assumed that the perceptual features of

the stimulus are compared to an internal reference. It is use-

ful to consider the findings according to the framework of

ecological psychology (Gaver, 1993a,b), whereby sound and

vibration are perceived directly as meaningful events rather

than a collection of low level sensory features. It is not nec-

essarily the objective characteristics of the vibration expo-

sure that lead to annoyance, as these are only cues as to the

nature of the source, but rather factors related to the source

itself (i.e., attitudinal and situational factors).

Increases in annoyance due to a step change in noise ex-

posure can be greater than that which would be predicted by

exposure-response relationships derived under steady state

conditions (Brown and van Kamp, 2009). It therefore may

be expected that a step change in vibration exposure would

have a similar outcome on the annoyance response. The con-

struction source in the present study represents a step change

in the vibration exposure whereas the railway source repre-

sents a permanent feature of the environment. Laszlo et al.
(2012) conducted a review of studies on the human reaction

to changed noise conditions, and found that non-acoustical

factors also play a role in annoyance ratings due to changing

noise conditions. This, and the consideration of the results

within an ecological psychology framework, suggests that it

is vital to consider factors other than just the vibration expo-

sure in assessing human response. These findings highlight

the need, first, for source specific data for annoyance due to

environmental vibration and, second, for longitudinal studies

to quantify the change in annoyance due to step changes in

vibration exposure.

C. The influence of audible vibration-induced rattle

The results presented in Sec. III D suggest that annoy-

ance depends on whether the vibration induces noticeable

audible rattle. Inclusion of a dummy variable accounting for

the presence of audible vibration-induced rattle resulted in a

significant improvement in the model fit over the exposure

only model. Similar observations have been made regarding

the influence of rattling components on annoyance due to

environmental noise (Borsky, 1965; Hubbard and Mayes,

1967; Fidell et al., 1999, 2002).

From the model presented in Table VII and setting the

source term to 0 (i.e., railway sources of vibration), the CTL

for no rattle is 67 dB (re 1� 10�4 m/s1.75) and the CTL when

rattle can be noticed is 48 dB (re 1� 10�4 m/s1.75). Setting the

source term to 1 (i.e., construction sources of vibration), the

CTL for no rattle is 48 dB (re 1� 10�4 m/s1.75) and the CTL

when rattle can be noticed is 29 dB (re 1� 10�4 m/s1.75).

These results indicate that the population studied was 19 dB

more tolerant of vibration when there was no audible rattle.

It is seen in Tables VI and VII that by including the

dummy variable for rattle, the coefficient for vibration expo-

sure is reduced from 1.35 to 1.08. As the coefficient for

vibration exposure is still significant, this suggests that notic-

ing vibration induced rattle only partially mediates the effect

of vibration exposure on annoyance. This supports work by

Janssen et al. (2015) where presence of rattle was also shown

to mediate the effect of vibration exposure on annoyance. To

further investigate this mediation effect, a causal model in

which the effect of vibration exposure on annoyance is medi-

ated by rattle was tested. This model was calculated using

MPlus Version 7.4. The outcome variable is expressed as

percentage highly annoyed (i.e., respondents reporting

annoyance in the top 2 categories on the 5 point annoyance

scale) and the results before and after inclusion of the rattle

variable are shown in Fig. 6. As the dependent and mediator

FIG. 6. Mediation model between vibration exposure, rattle, and percent

highly annoyed (%HA). Un-bracketed values are the logit model coefficients

and bracketed values are standard errors (***p< 0.001). (a) Shows the

model before inclusion of the rattle dummy variable. (b) Shows the model

after inclusion of the rattle dummy variable.
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variables are dichotomous, the model was calculated via

maximum likelihood using the logit link. As with the full or-

dinal logit model, with the inclusion of the dummy variable

for rattle the coefficient for vibration exposure is reduced

from 1.51 to 1.05 but remains significant. The results of this

analysis showed that both the direct and indirect effects were

significant (p< 0.01, estimated through bootstrapping 1000

replications), confirming that rattle partially mediates the

effect of vibration exposure on annoyance.

These results are based solely on the influence of the re-

spondent noticing rattle. As the quantification of this factor

is purely qualitative, no inferences can be made about what

specific features of vibration-induced rattle contribute to

annoyance. Laboratory work is needed to investigate the per-

ception of vibration-induced rattle.

V. CONCLUSION

Ordinal logit models have been used to estimate the

influence of source type and the presence of audible

vibration-induced rattle on annoyance due to vibration.

Using dummy variable analysis these factors were found to

have a significant influence on the annoyance response. The

analyses presented suggested that respondents were more

likely to express annoyance in a higher category if the vibra-

tion source was construction compared to railway. The mag-

nitude of this effect was found to increase with increasing

levels of annoyance, with the odds of reporting annoyance in

a higher category of 1.1 for the lowest category (Notice

vibration or higher) up to 7.8 for the highest category (Very

annoyed or higher). It was also found that respondents were

7.6 times as likely to express annoyance in a higher category

if audible rattle was noticed. The results indicate that addi-

tional source specific field data are needed if exposure-

response relationships for other sources are to be derived.

The findings highlight the importance of rattle in the annoy-

ance response and suggest that further work is needed to

characterize and quantify vibration-induced rattle and its

effects on humans.
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