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Abstract. Blasting operation exerts adverse effects on the vibration comfort of nearby buildings 
and structures, and causes a number of civil complaints, discomfort and even lawsuits. Blasting 
vibration comfort is related not only to the vibration characteristics of blasting and buildings, but 
also to the non-blasting factors such as, (i) the gender, age, income, psychology, and educational 
background of the subjects, (ii) the environment they are in, and (iii) the activities in which they 
are engaged. Based on typical multi-year frequent blasting work cases, three groups of people are 
selected, and Likert scale method is used to design a detailed comfort survey plan. After tracking, 
monitoring and surveying over several years, 168 groups of survey data are obtained. The survey 
results show that, there is a nonlinear relationship between human comfort and blasting vibration 
amplitude. Moreover, compared with the peak particle vibration velocity (PPV), the absorbed 
blasting vibration energy (ABVE) index can better reflect the influence of blasting vibration 
factors. Difference in human comfort between different groups of people and its causes are 
analyzed. The correlation analysis results show that the correlation coefficients between vibration 
comfort and four factors (blasting noise, environmental noise, environmental vibration and 
ongoing activities) range from 0.28 to 0.34. Finally, combining the statistical analysis results, six 
factors exerting a relatively significant influence on comfort are determined. The outcomes are 
expected to provide a basis for eventually establishing a multi-level and multi-factor quantitative 
evaluation model for blasting vibration comfort. 
Keywords: blasting vibration, comfort, fuzziness, field survey, likert scale, non-blasting vibration 
factor. 

1. Introduction 

Blasting vibration comfort is an emerging inter-disciplinary issue that involves mechanics of 
explosion, dynamics of structures, statistics, psychology, and information processing, biological 
dynamics and so on. It reflects the evaluation of the comfort experienced by human body against 
blasting vibration effects. As there are increasing numbers of projects on hydropower engineering, 
railway construction, highway construction and urban construction, the blasting work around 
human habitations is also increasing every day, as is the number of civil disputes, complaints and 
lawsuits incurred by the blasting vibration effect resulting from blasting work [1, 2]. Human body 
is very sensitive to the vibration caused by the earth and atmospheric disturbances as a result of 
blasting work; the degree of sensitivity is approximately ten times of that of buildings and 
structures [3, 4]. Since the vibration strength that satisfies structural safety can still cause human 
discomfort, the complaints and disputes cannot be solved only from the perspective of structural 
safety [5]. Surveys and research have shown that the nature of most cases is an overreaction on 
the part of local people to blasting vibration when they and their property are exposed to the threat 
of blasting vibration. Their complaints, discomfort and even lawsuits are mainly caused by the 
annoyance with blasting work, the worry about structural failure and the disturbance effect. This 
is a typical vibration comfort issue, rather than safety issue [6-8]. In recent years, blasting vibration 
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comfort has raised wide attention in the United States, Canada, the United Kingdom, India, China, 
etc. [9-14]. The problem, as many researchers put it, has evolved from the problem of structural 
damage to that of how to reduce lawsuits. The sensitivity of people to vibration is an important 
aspect [5, 15] and it has become a new research topic [16-17]. 

The reaction of human body to blasting vibration is influenced by a series of factors, such as 
vibration amplitude, frequency and duration [6, 18-20] Currently, the widely adopted indices in 
evaluating blasting vibration comfort mainly include peak strength of blasting vibration, 
maximum weighted vibration intensity ܤܭி௠௔௫ , quadric vibration dose value VDV, and 
annoyance rate index [21-22]. These indices are established in consideration of a single factor 
under blasting vibration. As a result, they all exhibit some deficiency, and may lead to different 
or even contradictory conclusions about the comfort evaluation in practice [8, 14]. The 
phenomenon of contradictory results can be explained from two aspects: firstly, current evaluation 
standards on vibration comfort mainly focus on the steady state vibration such as mechanical 
vibration, and there is still a lack of definite evaluation standards on the transient impact vibrations 
such as blasting; and secondly, since blasting vibration is different from mechanical vibration and 
poses a higher threat to safety, different people, under the influence of different attitudes, mental 
states, wealth levels, social environments and so forth, usually react differently to the same 
vibration effect, showing some fuzziness and uncertainty. Moreover, when a certain value of an 
index is adopted as the threshold of comfort or discomfort, it only provides a qualitative  
evaluation, as it fails to differentiate the degree of discomfort among the public and on the 
environment. Thus, use of such indices is insufficient to quantitatively evaluate human comfort. 
In practical cases, due to vibration-induced earthquake and other negative effects (like blasting 
noise) as well as the involvement of several parties, quantitative analysis of blasting comfort is 
difficult.  

Research on the vibration comfort, the theory of literature from the point of view at home and 
abroad, mainly focus on the vibration comfort in the vehicle and buildings etc., and research in 
the areas of blast vibration is also less. Parkin, Wang, Nakagawa, Sezgin and Kolich [23-29] 
studied from the survey of cycle users which investigates potential comfort and health factors 
resulting from cycling, and found that comfort is a subjective construct, and jury evaluations 
administered in the form of surveys were the best way to understand customer/consumer 
perceptions and expectations of comfort. Johann, et al. [30] studied comfort performance during 
wind-induced motions and found several criteria concerning comfort evaluation were not agreed 
between different authors and different normative codes, and the users must be aware of the 
building motions and educated to cope with it in the future in comfort evaluation. In the perception 
of vibration in buildings, theoretical and empirical models and measurement procedures were 
devoted to define and quantify objective and subjective responses to external stimuli on human, 
on the basis of several aspects (e.g. annoyance, physiological and psychological effects, 
behavioral effects) [31]. Lusk [32-34] utilized Likert Scaled Surveys to determine residents’ 
comfort levels with different air blast reporting units including dBs, millibars and pounds per 
square inch (PSI). And found that using surveys to establish baseline communication levels with 
neighbors could advance public relations for mining operations by providing insight and direction 
for site specific public relations programs. Maeda, et al. [35] conducted the questionnaires 
distributed to 33 wheelchair users directly by the experimenter in order to identify the causes of 
complaints from wheelchair vibrations that they experienced. Khan and Sundström [36] studied 
three hundred thirty Swedish passengers using a questionnaire survey on vibration comfort in 
Swedish Inter-City Trains. Mirzaei and Mohammadi [37] studied vibration exposure of tractor 
drivers and assessment of musculoskeletal disorder using Nordic questionnaire. Rudenko, Siebert 
and Singh [38-40] studied the perceptions of the use of explosives and the analytical approach for 
diagnosing and solving blasting complaints. Deros et al. [41] found that subjective perception 
depends on demographic background factors very much. Hendron and Oriard [42] compared 
human reactions to vibration noise under pulses and proved blasting noise as the main factor 
influencing human comfort. Raina [12] surveyed the reactions of residents nearby mining areas 
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during blasting work and found that blasting vibration and noise were the main factors that 
influenced the surrounding environment of mining areas. When the fundamental interests of 
residents were threatened, their real reactions would be intensified. Survey results showed that the 
attitudes of residents to blasting vibration depended on age, gender, educational background and 
income [43]. 

To sum up, when evaluating blasting vibration comfort, various harmful effects (such as 
vibration and noise) exerted by blasting should be fully considered; then, with reference to the 
evaluation results for the majority of residents (the largest number of population with similar age, 
educational background, income, gender and social environment in the total population) living 
around the blasting source, real and reasonable comfort evaluation conclusions are obtained [1]. 
This paper conducts a number of surveys on blasting vibration comfort based on several blasting 
projects, performs a comprehensive and systematic analysis on non-blasting vibration factors 
influencing human comfort, and finally determines the main influencing factors. The findings are 
expected to provide a basis for establishing a multi-level and multi-factor quantitative evaluation 
model for blasting vibration comfort. 

2. Absorbed blasting vibration energy (ABVE) 

The human body is not only affected by the blasting vibration intensity, but also by the 
vibration frequency, duration and other dynamic factors. In this study, the effect of blasting 
vibration on people is considered as an energy transfer and conversion. Blasting is energy source, 
blasting seismic waves can be considered as energy carriers, and a human body inside a building 
can be treated as an energy acceptor. The final reaction of a human body can be seen as the reaction 
results of the receptor. Under certain input and deformation conditions, the body can be regarded 
as a linear system. A linear parameter centralized system can be used to approximate a vibration 
system consisting of lifeless mass, flexible and damping elements. Different body part has its own 
vibration frequency. When the blasting seismic waves are transmitted to the floor or seats that are 
in contact with the body, the vibration energy is absorbed into the body, and the energy is 
transmitted along the body. The energy transfer and conversion concepts can be used to evaluate 
the vibration characteristics of the human body, which is referred to as the “Absorbed Blasting 
Vibration Energy (ABVE)” [44]. The ABVE can be used as a parameter to characterize the 
interaction between humans and the vibration environment. Based on the assumptions of human 
energy transmission and absorption, the absorbed blasting vibration energy per unit time can be 
described by the power, and the mechanical simulation of power can be measured by their work. 
As absorbed energy is a measure of the dissipated energy input by the vibration, and the absorbed 
energy by the body during time ܶ can be expressed as: 

ܧ = න (ݐ)ܨ ⋅ ்ݐ݀(ݐ)ܸ
଴ , (1)

where ܧ is the absorbed energy by the body; (ݐ)ܨ is a function of the input force; and ܸ(ݐ) is a 
function of the input speed. 

In a blasting vibration comfort evaluation, mainly only the kinetic vibration energy is 
considered. The absorbed blasting vibration energy at a given time can be represented by the 
squared vibration velocity at that time. As the monitored blasting vibration velocity is generally a 
discrete digital signal, the Eq. (1) can be rewritten as: 

ܧ = ቌ෍ ௜ୀ௡(௜ݐ)ଶݒ
௜ୀଵ ቍ ∗ (2) .ݐ∆

In Eq. (2), ݒ(ݐ௜) is the discrete digital signal of blasting vibration velocity; ݊  is the total 
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number of samples; ∆ݐ is the sampling interval. 
The total blasting vibration energy ܧ accounts for the change in energy over time without 

including the effect of frequency. The power spectral density ܲܵܦ(݂) can describe the relative 
magnitude of the harmonic component energy within a certain frequency range. Based on the 
spectral analysis on the blasting vibration velocity, different frequency bands ௜݂  and the 
corresponding power spectral density ܲܵܦ௜ can be determined. Then, the ratio of the energy in 
any one of the frequency bands ( ௠݂ ≤ ݂ < ௡݂) to the total energy is: 

ாܲ೑ = ∑ ∑௜௡ିଵ௜ୀ௠ܦܵܲ ௜ܦܵܲ , (3)

where ாܲ೑ is the proportion of the energy within the frequency range ௠݂ ≤ ݂ < ௡݂ in the total 
energy. 

After determining the blasting vibration energy from Eq. (2), the absorbed blasting vibration 
energy within each frequency range can be determined from Eq. (3). 

Therefore, after the spectral analysis of the blasting vibration signal, the entire frequency 
domain has been segmented. Combining Eqs. (2-4), the energy ratio and magnitude in each 
frequency band and the total absorbed blasting vibration energy can be determined: ܧ௙ = ாܲ೑ ⋅ (4) .ܧ

3. Survey on blasting vibration comfort 

3.1. Determination of survey respondents 

Blasting vibration monitoring and comfort survey were conducted on the surface blasting and 
excavation activities of two hydropower stations #1 and #2, as shown in Fig. 1 and Fig. 2. 
Hydropower station 1# is located in a canyon reach. One side of the construction site is comprised 
of a steep mountain, while the other side is comprised of a relatively flat and highly populated 
ground. Therefore, the blasting and excavation face is directly opposite to the population 
settlement on the other side of the river. The left bank slope of the hydropower station and the 
blasting construction regions (such as the workshop and the tailrace outlet slope) are separated by 
a river from the densely populated area (Area A) on the opposite bank. The minimum horizontal 
distance between the blasting face and the settlement (Area A) is approximately 100 m, while that 
to the further settlements (Area B and C) is approximately 200 m.  

As shown in Fig. 2, hydropower station 2# is located close to a highway, passing through a 
settlement (Area D). The settlement is only 50-80 m away from the blasting and excavation area 
of dam foundation. Depending on the survey areas and respondents, the blasting vibration 
monitoring and comfort survey areas were classified into five areas, i.e., Areas A, B1, B2, C and 
D, as shown in Fig. 1 and Fig. 2. Considering that the above two engineering blasting work areas 
are densely populated and that the blasting environment is complicated, during construction, 
efforts should be made to prevent damages to residents’ houses. Moreover, the frequent blasting 
work should be controlled from influencing or incurring mass disturbances. 

Construction of the hydropower projects involved frequent blasting operations occurring for 
several years. Therefore, the local government set up a special “Immigration Headquarters for 
Engineering Construction”, one task of which was to coordinate the relationship between blasting 
units and nearby residents, and mediate in cases of complaints and disputes. In the early days of 
blasting construction, there were dissatisfactions and disputes on the part of some residents in both 
projects. The major concerns were significant house vibration, wall cracking, and being terrified. 
By analyzing the occurrence times and locations of disputes and the corresponding monitored data 
of blasting vibration and noise, it was found that the vibration strength was not necessarily the 
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largest when the reactions of residents were the strongest, and that, when the vibration strength 
was the largest, the reactions of residents were not markedly strong. This indicates that the 
magnitude of blasting vibration was not the only factor influencing the reaction of residents. In 
order to clarify the main factors that influenced blasting vibration comfort, the blasting vibration 
comfort was surveyed and studied in addition to massive blasting vibration monitoring. The results 
showed that under many circumstances, it was hard for respondents to clearly distinguish the 
magnitude of vibration. Human feelings were affected by several factors as additional to blasting 
vibration. Thus, there was a nonlinear relationship between the human comfort and the blasting 
vibration magnitude. 

The blasting vibration was continuously monitored particularly for the settlements near 
blasting faces. Seventeen monitoring points were arranged as, five in Area B1 and Area B2, ten 
in Area A, and two in Area C. Monitoring instrument at all locations was laid out near the level 
of building foundation. One to two residents were selected as respondents around each monitoring 
point. Since human comfort is related to gender, age, income, educational background and many 
other factors, respondents were selected carefully to obtain adequately reliable and representative 
survey results. First, the respondents were preliminarily filtered to remove as many interfering 
factors (such as economic benefit) as possible; then the majority of residents around the blasting 
work site (the largest number of population with similar gender, age, income, educational 
background and social environment in the total population) were selected as primary respondents. 

 
Fig. 1. The distribution of blasting operation area and residential area of hydropower station #1 

 
Fig. 2. The distribution of blasting operation area and residential area of hydropower station #2 

Three groups of people were surveyed in this paper, they were, local residents near the blasting 
site, constructors who were not engaged in blasting work and residents who were going to move. 
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As shown in Fig. 2 to Fig. 6, respondents in Area A, Area B1 and Area B2 were local residents 
near the blasting site, while those in Area C were constructors who were not engaged in blasting 
work, and those in Area D were residents who are going to move. Local residents had little contact 
with blasting work and lacked professional knowledge in this aspect. Combined with the 
annoyance and disturbance effect incurred by blasting work and their worry about the structural 
failure of their houses, they were more sensitive to blasting work and usually had much stronger 
reactions. Constructors who were not engaged in blasting work had different reactions since they 
usually had frequent contact with blasting work and did not need to worry about the structural 
failure (they were not owners of any house). As for those residents who were going to move, they 
did not need to worry about the damage to their houses or buildings. However, since they also had 
little contact with blasting work and lacked professional knowledge, they also had different 
feelings. Analysis of the differences in feelings of the three different populations helped in 
clarifying the influence of various factors on comfort, such as whether respondents were house 
owners or not, and whether they had prior experience of blasting work. The analysis further helped 
in investigating the reasons of different attitudes of different populations to the same blasting work 
and in understanding and solving the obstacles in proper communication. For instance, since 
differences in the understanding and feelings about the blasting work existed between the 
construction units of blasting work and the local residents, various irreconcilable contradictions 
and disputes would occur, which would be both unfavorable for engineering construction and 
social stability. 

Fig. 3. Area A and area B1 and surrounding  
blasting operation area 

 
Fig. 4. Area A and surrounding  

blasting operation area 
 

 
Fig. 5. Area B2 and surrounding  

blasting operation area 

 
Fig. 6. Area C and surrounding  

blasting operation area 
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Table 1. Basic statistics of the object being investigated 

The 
numbers GenderAge Occupation Health Education 

Whether or not 
previously exposed to 

blasting vibration 

Whether or not 
the owner of the 

house 

1 Male 36 Farmer Good Junior high school 
graduation Not Yes 

2 Female 54 Self-
employed Good Primary school 

graduation Not Yes 

3 Male 41 Self-
employed Good Junior high school 

graduation Not Yes 

4 Male 31 Self-
employed Good High school 

graduation Not Yes 

5 Male 62 Farmer Good Junior high school 
graduation Not Yes 

6 Female 28 Farmer Good High school 
graduation Not Yes 

7 Female 30 Self-
employed Good Junior high school 

graduation Not Yes 

8 Male 63 Self-
employed Good Primary school 

graduation Not Yes 

9 Female 27 Farmer Good High school 
graduation Not Yes 

10 Female 35 Self-
employed Good High school 

graduation Not Yes 

11 Male 45 Farmer Good Primary school 
graduation Not Yes 

12 Male 27 Self-
employed Good Graduated from 

college Not Yes 

13 Female 42 Farmer Good 
Graduated from 

technical secondary 
school 

Not Yes 

14 Female 58 Farmer Good Primary school 
graduation Not Yes 

15 Male 25 Farmer Good Graduated from 
college Not Yes 

16 Male 55 Self-
employed Good Junior high school 

graduation Not Not 

17 Male 65 Farmer Good Junior high school 
graduation Not Not 

18 Female 47 Farmer Good 
Graduated from 

technical secondary 
school 

Not Not 

19 Female 68 Farmer Good Primary school 
graduation Not Not 

20 Male 25 Farmer Good Graduated from 
college Not Not 

21 Female 28 Engineer Good University graduated Yes Not 

22 Male 33 Engineer Good Graduated from 
college Yes Not 

23 Female 31 Engineer Good University graduated Yes Not 

24 Male 27 Engineer Good Graduated from 
college Yes Not 

25 Male 30 Engineer Good Graduated from 
college Yes Not 
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3.2. Design of survey plan 

After determining the survey areas and population, the next step was to select the sampling 
method. In this paper, purposive sampling, also known as judgment sampling, was selected from 
the non-probability sampling methods. The method involves selecting those respondents which 
are judged as the most representative of the population. This sampling method is mostly used 
when the population boundary cannot be precisely defined or the researchers have limited time, 
human power or material resources, thus suitable for solving the problem explored in this paper. 
Based on the results of the blasting vibration comfort evaluation, the respondents were determined 
as the majority of residents around the blasting work site (the largest number of population with 
similar gender, age, income, educational background and social environment in the total 
population). Their ages ranged from 25 to 60 years, and many of them were the core of a family, 
thus, more concerned with the blasting work. The main respondents determined in this paper are 
shown in Table 1. 

Design of a survey plan is of great importance for final survey results. The survey can be 
conducted by telephone, verbal query or questionnaire, among which the last was adopted in this 
paper. Questions in the questionnaire were kept consistent for different respondents. Before the 
survey began, the following preparatory work was done according to Walonick’s conclusions  
[45-46]: 

(1) Determine the potential respondents that were the most likely potential respondents, and 
make it clear that the questionnaire was only for research purpose and involved no economic 
benefit or compensation (except some remuneration); 

(2) Provide respondents with final questionnaire, and tell them the meaning of each question 
and answer, and that they should faithfully finish the questionnaire after the blasting work; 

(3) Train respondents before the survey, so that they could make full sense of the nature and 
purpose of the subjective survey, and could take the questions proposed by the investigator 
seriously so that the questions could be explained and/or modified if necessary to eliminate any 
confusion. 

Table 2. Evaluation of blasting vibration comfort 

Name Gender Age Occupation Health Education 

Whether or not 
previously 
exposed to 

blasting 
vibration 

Whether or 
not the 

owner of 
the house 

Which 
floor is 
located 

1. The feeling of blasting noise 
1. Very serious 2. Serious 3. Ordinary 4. Not serious 5. Very not serious 

2. Environmental noise 
1. Very quiet 2. Quiet 3. Ordinary 4. Noisy 5. Very noisy 

3. Environmental vibration 
1. Very quiet 2. Quiet 3. Ordinary 4. Strong 5. Very strong 

4. Ongoing activities 

1. Stationary 
(Note that blasting 

vibration is going to 
happen) 

2. Stationary 
(Didn’t notice that the 
blasting vibration is 

going to happen) 

3. Study or work 
(Didn't notice that 

the blasting 
vibration is going to 

happen) 

4. Walk about 
(Didn’t notice 

that the blasting 
vibration is 

going to 
happen) 

5. Running 
(Didn’t notice that 

the blasting vibration 
is going to happen) 

5. The degree of inner pleasure 
1. Very unpleasant 2. Not pleasant 3. Ordinary 4. Pleasant 5. Very pleasant 

6. Blasting vibration comfort 
1. Very 

uncomfortable 2. Uncomfortable 3. Ordinary 4. Comfortable 5. Very comfortable 
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Residents living in buildings were influenced by various non-blasting vibration factors, such 
as blasting noise, environmental noise, environmental vibration and the activities they were 
engaged in. Those factors might influence the subjective feelings about blasting vibration comfort, 
to different degrees. In order to objectively evaluate the effects of various factors on comfort, 
Likert scale method was used in this paper to conduct survey and research. Likert scale was 
proposed by the social psychologist R. A. Likert from the United States [47], and can be used for 
individual or group surveys or evaluations. It has become a common practice in social survey  
[48-49]. Respondents were classified as local residents, construction technicians and residents for 
displacement and resettlement. The questionnaire that was provided to the respondents is shown 
in Table 2. First part of the questionnaire asked for some fundamental information of the 
respondents was collected, including gender, age, health condition, profession, educational 
background and whether they owned a house or not. Questions 1 to 5 mainly referred to the 
psychology, environment and ongoing activities of respondents. There were five evaluation 
indices in total, each with five rating levels. Question 6 was mainly about the subjective feelings 
regarding comfort and involved some complementary questions. 

4. Data analysis of the survey 

4.1. Data processing of the survey 

Martin and Gentry [15] proposed mail survey or paper questionnaire. Before the survey, the 
meaning, purpose and concrete operating method was explained to each respondent. In order to 
encourage them to positively cooperate with the survey and protect for the instruments used for 
monitoring blasting vibration, each respondent was provided with some remuneration. Such an 
incentive was provided to increase the recovery rate of the questionnaire. In this study, nearby 
residents were provided with appropriate remuneration in the survey. Final collection showed that 
this method led to relatively ideal outcomes. In Area A, there were 260 questionnaires in total, 
and 101 valid questionnaires were retrieved. In Area B, there were 87 questionnaires in total, and 
34 valid questionnaires were retrieved. In Area C, there were 31 questionnaires in total, and 14 
valid questionnaires were retrieved. In Area D, there were 37 questionnaires in total, and 19 valid 
questionnaires were retrieved. Gentry and Martin [15] suggested a possible recovery rate of  
10 %-30 % for such surveys, while the survey in this study obtained 168 groups of survey data in 
total, with a recovery rate of 40 %. Enough data were collected for the purpose of analysis, and 
relatively ideal results were obtained. 

4.2. Correlation of the survey data 

The correlation method is mainly used for studying the closeness of relationships between two 
variables. Correlation coefficient is generally used to indicate the degree of correlation between 
the variables, and its value ranges from –1 to 1. The closer to 1 the absolute value of correlation 
coefficient, the higher is the degree of correlation between the variables; the closer to 0 the 
absolute value of correlation coefficient, the lower is the degree of correlation between variables. 
If the calculated correlation coefficient is greater than 0, the two variables are positively correlated. 
On the contrary, a correlation coefficient less than 0 suggest a negative correlation between the 
two variables. 

The methods used for calculating correlation coefficient include:  
(1) Pearson correlation analysis 
The formula for Pearson correlation analysis is: 

௑௒ݎ = ∑ ൫ ௜ܺ − ܺ൯൫ ௜ܻ − ܻ൯ே௜ୀଵට∑ ൫ ௜ܺ − ܺ൯ଶ • ∑ ൫ ௜ܻ − ܻ൯ଶே௜ୀଵே௜ୀଵ , (5)
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where ௜ܺ and ௜ܻ indicate the ݅th values of variables ܺ and ܻ, respectively; and ܺ and ܻ indicate 
the arithmetic mean values of variables ܺ and ܻ, respectively. 

(2) Spearman correlation analysis 
Spearman correlation analysis is based on the rank of data rather than their actual values. It is 

a non-parametric form of Pearson analysis, and the calculation method is shown as follows: 

௑௒ݎ = ∑ (ܴ௜ − ܴ)( ௜ܵ − ܵ)ே௜ୀଵට∑ (ܴ௜ − ܴ)ଶ • ( ௜ܵ − ܵ)ଶே௜ୀଵ , (6)

where ܴ௜ and ௜ܵ represent the rank of variables X and Y, respectively; and ܴ and ܵ represent the 
arithmetic mean values of variables ܴ௜ and ௜ܵ, respectively. 

Table 3. Average correlation coefficient of survey data 
Serial number 1 2 3 4 5 6 7 8 9 10 

Average correlation coefficient 0.85 0.81 0.83 0.85 0.87 0.85 0.75 0.87 0.82 0.85 
Serial number 11 12 13 14 15 16 17 18 19 20 

Average correlation coefficient 0.82 0.84 0.83 0.78 0.85 0.77 0.87 0.77 0.80 0.83 
Serial number 21 22 23 24 25 26 27 28 29 30 

Average correlation coefficient 0.84 0.72 0.65 0.69 0.81 0.82 0.84 0.80 0.85 0.78 
Serial number 31 32 33 34 35 36 37 38 39 40 

Average correlation coefficient 0.77 0.80 0.67 0.76 0.80 0.81 0.69 0.77 0.79 0.72 
Serial number 41 42 43 44 45 46 47 48 49 50 

Average correlation coefficient 0.78 0.81 0.80 0.81 0.83 0.63 0.76 0.86 0.77 0.75 
Serial number 51 52 53 54 55 56 57 58 59 60 

Average correlation coefficient 0.78 0.76 0.75 0.84 0.69 0.83 0.83 0.78 0.80 0.77 
Serial number 61 62 63 64 65 66 67 68 69 70 

Average correlation coefficient 0.85 0.78 0.80 0.87 0.75 0.80 0.75 0.79 0.69 0.81 
Serial number 71 72 73 74 75 76 77 78 79 80 

Average correlation coefficient 0.82 0.85 0.75 0.85 0.84 0.80 0.81 0.87 0.86 0.86 
Serial number 81 82 83 84 85 86 87 88 89 90 

Average correlation coefficient 0.80 0.82 0.79 0.84 0.87 0.79 0.80 0.77 0.83 0.78 
Serial number 91 92 93 94 95 96 97 98 99 100 

Average correlation coefficient 0.80 0.80 0.80 0.77 0.79 0.80 0.78 0.82 0.85 0.82 
Serial number 101 102 103 104 105 106 107 108 109 110 

Average correlation coefficient 0.79 0.67 0.86 0.85 0.87 0.86 0.76 0.70 0.45 0.86 
Serial number 111 112 113 114 115 116 117 118 119 120 

Average correlation coefficient 0.82 0.76 0.80 0.83 0.79 0.80 0.48 0.77 0.75 0.76 
Serial number 121 122 123 124 125 126 127 128 129 130 

Average correlation coefficient 0.72 0.79 0.75 0.85 0.77 0.82 0.81 0.85 0.82 0.80 
Serial number 131 132 133 134 135 136 137 138 139 140 

Average correlation coefficient 0.78 0.78 0.79 0.85 0.79 0.83 0.77 0.83 0.79 0.82 
Serial number 141 142 143 144 145 146 147 148 149 150 

Average correlation coefficient 0.67 0.75 0.70 0.85 0.75 0.68 0.85 0.79 0.75 0.79 
Serial number 151 152 153 154 155 156 157 158 159 160 

Average correlation coefficient 0.83 0.77 0.69 0.73 0.69 0.80 0.76 0.73 0.71 0.75 
Serial number 161 162 163 164 165 166 167 168   

Average correlation coefficient 0.72 0.68 0.79 0.77 0.81 0.78 0.71 0.83   

In the survey on blasting vibration comfort, the survey results could be affected by various 
external factors. In order to eliminate those disturbances and improve the reliability of survey 
results, data was checked for all obtained survey results, so as to discard those affected greatly. 
This paper considered Spearman correlation coefficient as the test indicator to check 168 groups 
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of subjective evaluation results, and calculated the correlation coefficients between every two 
groups of data to obtain a 168×168 coefficient matrix. Arithmetic mean value was calculated for 
the correlation coefficient between every group of data and other groups, thus solving the average 
correlation coefficients, as shown in Table 3. 

In statistics, as shown in Table 4, when the correlation coefficient is between 0.8 and 1.0, it 
suggests that the variables are highly correlated; when it is between 0.5 and 0.8, it suggests a 
moderate correlation. As shown in Fig. 4, the Spearman correlation coefficient between the 109th 
and 117th groups of data were lower than 0.5, which suggested a weak correlation. Through the 
above data checking, two groups of survey results (109 and 117) were removed and the rest 166 
groups of data were reserved for further analysis. 

Table 4. Judgment basis of variable correlation degree 
Correlation coefficient 0-0.3 0.3-0.5 0.5-0.8 0.8-1.0 

Correlation degree Weak correlation Low correlation General correlation High correlation 

As mentioned above, the blasting vibration comfort was influenced by many factors, many of 
which might be mutually correlated, so correlation analysis was conducted for survey results. 
There were mainly two purposes for correlating the subjective evaluation of comfort with various 
factors, (i) to calculate the correlation coefficient between the subjective comfort value and 
various influencing factors and judge whether they were linearly correlated or exhibited a weak  
correlation, and (ii) to calculate the correlation between different influencing factors, so as to 
remove one or several of them from the list of correlated factors and avoid duplicate indices and 
unnecessary workload. Pearson correlation analysis was conducted on various influencing factors 
and the results were obtained as shown in Table 5. Table 5 shows that:  

(1) The correlation coefficients between the pairs of subjective values of vibration comfort and 
blasting noise, environmental noise, environmental vibration and ongoing activities were between 
0.28 and 0.34, which are relatively low. Therefore, it was difficult to derive a subjective comfort 
function through regression analysis. The correlation coefficient of vibration comfort with the 
degree of mental pleasure was –0.01, which indicated that the “degree of mental pleasure” index 
had a little effect on blasting vibration comfort. Similarly, the correlation between this index and 
other influencing factors was also very low, so this influencing factor was removed. 

(2) The correlation coefficient between the peak velocity of blasting vibration and the absorbed 
energy index was 0.53, which indicated that there was some correlation between them. The 
correlation coefficients of these two factors with the subjective feeling about comfort were  
–0.21 and –0.77, respectively. Thus, the absorbed blasting vibration energy (ABVE) had a 
stronger correlation with comfort feeling than did the peak velocity of blasting vibration [46]. The 
“absorbed blasting vibration energy” evaluation index could be used to more objectively evaluate 
the influence of blasting vibration on human. It is superior in a way to the peak particle vibration 
velocity (PPV) index in representing the blasting vibration comfort. 

(3) Both blasting vibration peak velocity and absorbed blasting vibration energy had negative 
correlation coefficients with other influencing factors and with the subjective feelings about 
human comfort. With an increase in blasting vibration peak velocity and absorbed blasting 
vibration energy, the subjective feeling of human was increasingly noticeable, as indicated by 
reduced comfort feeling. Different comfort feelings were assigned different values according to 
Table 2, so Likert value became smaller, which is consistent with the general law. 

(4) The correlation coefficients between blasting noise, environmental noise, environmental 
vibration and ongoing activities were all less than 0.3, which suggested a low correlation. This 
means that those factors were independent from each other and were not duplicated. They all had 
some correlation with the subjective feelings about blasting vibration comfort. Therefore, these 
four factors (and the absorbed blasting vibration energy evaluation index) were reserved as the 
five most influencing factors for the subjective evaluation of blasting vibration comfort. 
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Table 5. The correlation coefficient between the factors 

 
Peak 

particle 
velocity 

Absorbed 
blasting 

vibration energy 

Blasti
ng 

noise 

Environ
mental 
noise 

Environm
ent 

vibration 

Ongoing 
activitie

s 

The degree 
of inner 
pleasure 

Blasting 
vibration 
comfort 

Peak particle 
velocity 1.00        

Absorbed 
blasting 

vibration energy 
0.53 1.00       

Blasting noise –0.18 –0.29 1.00      
Environmental 

noise –0.16 –0.30 0.11 1.00     

Environment 
vibration –0.05 –0.25 0.24 0.09 1.00    

Ongoing 
activities –0.06 –0.22 0.08 0.18 0.22 1.00   

The degree of 
inner pleasure 0.00 0.00 0.05 –0.08 0.00 0.00 1.00  

Blasting 
vibration 
comfort 

–0.21 –0.77 0.28 0.31 0.29 0.34 –0.01 1.00 

5. Statistical analysis on the survey data 

Through the reliability and correlation analysis on the data, two groups of survey data are 
removed, and five factors were identified as significantly influencing the subjective feeling about 
blasting vibration comfort. This section conducts statistical analysis on the reserved 166 groups 
of data and studies the similarities and differences in blasting vibration comfort among different 
population, as well as the influence of non-blasting vibration factors on comfort, including gender, 
age, health condition, profession, educational background and whether a respondent owns a house 
or not. 

Statistical analysis was conducted on the comfort data of different areas, as shown in Table 6. 
The table shows that, in Area A and Area B, the average absorbed blasting vibration energies were 
relatively closer, i.e., both around 0.005 cm2/s2. But the average Likert value in Area B was greater 
than that in Area A, which indicated that the subjective comfort feeling of residents in Area B, on 
the whole, was superior to that of residents in Area A. The reason could be that Area A belonged 
to town districts, and the buildings there had three to four stories in general. Due to the elevation 
amplification effect in multi-story buildings, the blasting vibration actually experienced by 
humans in the buildings was stronger than that monitored in the foundation. In the rural Area B, 
the residences were relatively scattered, and the majority of them had one to two stories. On the 
whole, these two areas both had an average Likert value of greater than 3, suggesting that they 
could basically meet the comfort requirement. The average absorbed blasting vibration energies 
of Area C and Area D were markedly greater than those of Area A and Area B, both reaching to 
approximately 0.007 cm2/s2. However, their Likert values were 3.29 and 3.53, respectively, which 
suggested that residents in Area C and Area D had better comfort feelings than of residents in 
Area A and Area B. One reason is that residents in Area C were about to move and were not 
worried about the possible damage of blasting vibration to houses or buildings. Area D mainly 
comprised of hydropower station constructors who were not particularly worried about the failure 
of buildings and who were relatively experienced with blasting work. Accordingly, they were not 
significantly sensitive to blasting vibration and considered such vibration as tolerable. 

Fig. 7 to Fig. 9 show the statistics of the distribution of Likert values over different areas, from 
which it can be seen that the residents’ subjective feelings about blasting vibration comfort 
approximately obeyed normal distribution. “Very comfortable” and “very uncomfortable” were 
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rarely reported, while “general” had the highest frequency of occurrence. This indicated that 
Pearson correlation analysis could be done on the survey data. The research results in this paper 
are similar to those obtained by other scholars [50]. For example, Griffin reported that the 
distribution of human feeling about vibration fails to reject normal distribution or logarithmic 
normal distribution.  

Table 6. The average value of each survey area 
Survey area A B C D 

Average absorbed blasting vibration energy (unit: cm2/s2) 0.0052 0.0047 0.0070 0.0071 
Average value of comfort 3.16 3.28 3.29 3.53 
Variance 0.95 0.79 0.53 0.71 
Mode 3 3 4 4 
Median 3 3 3 4 

 
Fig. 7. Survey results of Area A and Area B  

 
Fig. 8. Survey results of Area C 

 
Fig. 9. Survey results of Area D 
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Fig. 10 to Fig. 13 analyze the influence of factors, including age, gender, educational 
background and whether the respondent is a house owner or not, on subjective feeling about 
comfort. Fig. 10 showed that residents differing in age had different feelings about blasting 
vibration. With an increase in age from 20 to 60, residents had increased degree of uncomfortable 
subjective feelings, while those over 60 became less sensitive to blasting vibration. This indicates 
that middle-ages adults (between 30 and 50, especially those who had to take care of their families) 
were more worried about the blasting vibration effect. This research result is similar to that in Ref. 
[15]. From Fig. 11, respondents differing in gender in different areas had no significant difference 
in comfort feelings about blasting vibration. This means that gender did not exert too much 
influence on the subjective feelings about blasting vibration comfort. Fig. 12 shows that, those 
who had finished junior and high school education had stronger subjective reactions to blasting 
vibration, but on the whole, such difference was not significant. According to Fig. 13, the 
circumstances of the Likert values of comfort of constructors (Area C) and residents about to move 
(Area D) were greater than 2 and occurred most frequently. However, for residents who were not 
about to move (Area A and Area B), the Likert values of comfort of 1 and 2 occurred relatively 
frequently. This indicates that the latter residents were more sensitive to blasting vibration, had 
worse comfort feelings than the former, and were quicker to complain. In summary, two factors, 
they are, age and whether the respondent is a house owner, were the two main factors that 
relatively significantly influenced comfort feelings. 

 
Fig. 10. Average comfort value of different age groups in Area A, B, C, respectively 

 
Fig. 11. Average comfort values of different gender groups 

This section analyzed the similarities and differences in the subjective feelings about blasting 
vibration comfort on the part of different population, and compared the influences of several 
factors, including age, gender, educational background and whether the respondent is a house 
owner. Neither gender nor educational background exerted any significant influence, but age and 
whether the respondent is a house owner did exert a significant influence. Since the influence of 
age on comfort feelings was difficult to quantify, this paper conducted survey on the local majority 
residents, mostly aged between 20 and 50, which lies exactly in the age range with strong reactions. 
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This method was employed to exactly fulfill the purpose of analyzing overall comfort. Therefore, 
six factors, including absorbed blasting vibration energy index, blasting noise, environmental 
noise, environmental vibration, ongoing activities and whether the respondent is a house owner, 
were finally determined as having relatively significant influences on blasting vibration comfort.  

Engineering practice is often more concerned about the feelings of local residents (especially 
house owners) about blasting vibration. Therefore, based on the main influencing factors 
determined in this paper, the next step is to establish a multi-level and multi-factor comprehensive 
evaluation method to fulfill the purpose of quantitative assessment on blasting vibration comfort. 

 
Fig. 12. Average values of the comfort degree of different education groups 

 
Fig. 13. The comfort value distribution of local residents and constructors 

6. Discussions 

As far as the traditional evaluation indices of blasting vibration comfort are concerned, such 
as the peak strength of blasting vibration and VDV, one of their disadvantages is the complicated 
calculation process or the insufficiency of factors considered. Peak intensity index is simple and 
easily obtained, but it neglects the influence of vibration frequency and duration. ܤܭி௠௔௫  is 
essentially a frequency-weighted peak intensity index. VDV is not commonly used due to the 
difficulty to obtain the acceleration, though it considers many other factors. The allowable limits 
for all of them are set on the basis of statistical evaluations of the vibration levels. Another 
disadvantage is that blasting vibration characteristics, and building and human vibration 
characteristics cannot be combined closely, that is, they can only be used qualitatively rather than 
quantitatively to evaluate human comfort. In the previous research results of the authors, a 
linear-elastic vibration model was developed in which the effects of blasting vibration on the 
human body was considered as an energy transmission and conversion process, and proposed a 
comfort evaluation method of the human body ABVE. This method can be adopted to determine 
the magnitude of ABVE in various bands so as to realize a quantitative analysis of ABVE and 
frequency composition, and more effectively and accurately evaluate blasting vibration comfort 
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effects. Moreover, through an energy transmission and conversion hypothesis, the blasting 
vibration, the building and the human body can be better linked together. In this paper, the authors 
conducted a number of surveys on blasting vibration comfort based on several blasting projects 
using the Likert scale method，and 168 groups of survey data were obtained. By data correlation 
analysis, the correlation between PPV, ABVE and the corresponding comfort values were studied. 
Studies have shown that the correlation coefficient between PPV and the ABVE index was 0.53, 
which indicated that there was some correlation between them. The correlation coefficients of 
these two factors with the subjective feeling about comfort were 0.21 and 0.77, respectively. Thus, 
the ABVE index had a stronger correlation with comfort feeling than did the peak velocity of 
blasting vibration.  

The other main disadvantage is that, even though blasting vibration factors (amplitude, 
frequency and duration) are easy to quantitatively analyze and provide various concrete evaluation 
indexes (PPV, VDV and so on), they do not have a certain linear relationship with blasting 
vibration comfort, due to the existence of fuzziness and uncertainties. Therefore, the traditional 
approaches cannot truly reflect human’s real feelings by specifying certain comfort index 
thresholds. The reason for such fuzziness and uncertainties is that humans cannot classify the 
magnitude of vibration explicitly, and in addition to blasting vibration factors, human’s feelings 
are influenced by many other factors. Since blasting vibration is different from mechanical 
vibration and poses a higher threat to safety, different people, under the influence of different 
attitudes, mental states, wealth levels, social environments and so forth, usually react differently 
to the same vibration effect. Blasting vibration comfort is related not only to the vibration 
characteristics of blasting and buildings, but also to the non-blasting factors such as, (i) the gender, 
age, income, psychology, and educational background of the subjects, (ii) the environment they 
are in, and (iii) the activities in which they are engaged. Moreover, when a certain value of an 
index is adopted as the threshold of comfort or discomfort, it only provides a qualitative evaluation, 
as it fails to differentiate the degree of discomfort among the public and also on the environment. 
In practical cases, due to vibration-induced earthquake and other negative effects (like blasting 
noise) as well as the involvement of several parties, quantitative analysis of blasting comfort is 
difficult. In this paper, survey and analysis were conducted on different factors influencing human 
subjective feelings. Through correlation and statistical analysis of data, six main influencing 
factors were determined, they are, absorbed blasting vibration energy index, blasting noise, 
environmental noise, environmental vibration, ongoing activities and whether the respondent is a 
house owner or not. This study showed that evaluation of subjective feeling about blasting 
vibration comfort is a multi-level and multi-factor problem. In the future study, the Fuzzy-AHP 
theory will be introduced and by establishing mathematical models, many influencing factors of 
the evaluation of blasting vibration comfort will be clarified and quantified to make them 
systematic and hierarchical. A comprehensive evaluation method based on FAHP will be proposed 
to evaluate and predict blasting vibration comfort feelings more comprehensively, objectively and 
quantitatively. The research results in this paper will provide a solid basis for establishing a multi-
level and multi-factor comfort evaluation model. 

7. Conclusions 

As a subjective feeling, blasting vibration comfort is not only influenced by blasting vibration 
energy, but also correlated with non-blasting vibration factors including gender, age, income, 
psychology, educational background and environment. Based on a project case, this paper used 
Likert scale method to survey the blasting vibration comfort feelings of different population and 
obtained 168 groups of survey data in total. Correlation analysis method was adopted to calculate 
the correlation coefficients between various factors, to analyze the relative independence of each 
factor, and to correlate the factors with the subjective feelings about blasting vibration comfort. 
The similarities and differences in subjective feelings of different population were statistically 
analyzed. This study also compared the influences of factors including age, gender, educational 
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background and whether the respondent is a house owner or not on the subjective comfort feelings. 
Neither gender nor educational background exerted a significant influence, but age and the status 
of house ownership did have a significant influence on the blasting vibration comfort. Finally, six 
main factors influencing the blasting vibration comfort were determined, they are, absorbed 
blasting vibration energy index, blasting noise, environmental noise, environmental vibration, 
ongoing activities and whether the status of house ownership. The research results in this paper 
are expected to provide a solid basis for establishing a multi-level and multi-factor comfort 
evaluation model. 
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Appendix 

Table A1. Survey results of subjective feeling to blasting vibration comfort  

Num.Survey 
area 

PPV 
(cm/s)

ABVE 
(cm2/s2) 

Blasting 
noise 

Environmental
noise 

Environmental
vibration 

Ongoing 
activities 

Degree of inner 
pleasure Comfort 

1 

Area A 

0.121 0.0045 3 4 3 4 3 3 
2 0.146 0.0043 4 3 4 2 4 3 
3 0.154 0.0078 4 4 4 4 3 2 
4 0.1 0.0021 4 4 2 4 5 4 
5 0.227 0.0087 3 3 4 3 3 2 
6 0.133 0.0071 4 4 4 4 3 2 
7 0.167 0.0061 3 3 3 3 2 3 
8 0.067 0.0016 4 4 1 4 3 5 
9 0.047 0.0009 2 2 4 2 2 4 
10 0.181 0.0065 4 3 3 2 4 3 
11 0.267 0.0088 3 3 4 3 3 2 
12 0.027 0.0004 2 4 3 3 3 4 
13 0.125 0.0048 3 3 4 3 2 3 
14 0.102 0.0041 4 3 3 4 2 3 
15 0.125 0.0049 3 2 2 2 3 4 
16 0.217 0.0067 3 3 3 2 3 3 
17 0.08 0.0007 1 2 2 1 4 5 
18 0.417 0.0096 2 4 4 2 4 2 
19 0.207 0.0088 2 4 4 3 3 2 
20 0.138 0.0051 4 4 3 3 4 3 
21 0.07 0.0008 3 4 3 4 3 5 
22 0.156 0.0039 3 5 2 4 2 3 
23 0.337 0.0083 2 4 3 1 4 2 
24 0.476 0.0119 2 1 1 2 1 1 
25 0.207 0.0037 4 3 5 3 4 4 
26 0.138 0.0046 4 4 2 3 3 3 
27 0.156 0.0052 3 3 3 3 2 3 
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28 0.178 0.0048 4 2 3 2 3 3 
29 0.189 0.0027 3 4 3 3 4 4 
30 0.128 0.0006 3 5 2 4 4 5 
31 0.224 0.0037 5 3 3 4 2 4 
32 0.099 0.0089 4 3 3 2 3 2 
33 0.121 0.0114 3 3 4 4 1 1 
34 0.227 0.0095 2 3 3 2 4 2 
35 0.283 0.0052 3 2 3 2 4 3 
36 0.218 0.0134 3 4 3 3 4 1 
37 0.178 0.0076 4 4 4 2 4 2 
38 0.189 0.0018 3 2 3 4 3 4 
39 0.228 0.0014 3 2 3 4 5 5 
40 0.587 0.0147 4 4 3 3 3 1 
41 0.337 0.0094 5 3 3 4 5 2 
42 0.332 0.0081 2 3 2 3 2 2 
43 0.132 0.0073 3 2 2 3 4 2 
44 0.235 0.0067 3 2 3 3 2 2 
45 0.32 0.0053 3 3 4 4 3 3 
46 0.098 0.0038 2 3 2 3 5 3 
47 0.156 0.0025 2 4 2 4 3 4 
48 0.144 0.0033 4 4 4 3 4 4 
49 0.207 0.0018 3 5 5 4 3 5 
50 0.138 0.0073 2 2 3 2 4 2 
51 0.08 0.0027 4 4 4 3 2 4 
52 0.156 0.0051 4 2 5 4 3 3 
53 0.178 0.0061 2 2 3 2 4 2 
54 0.189 0.0026 5 4 3 3 5 4 
55 0.228 0.0029 4 3 4 3 1 4 
56 0.224 0.0065 3 4 2 3 3 3 
57 0.219 0.0088 2 3 2 3 3 2 
58 0.241 0.0034 5 3 5 3 3 4 
59 0.227 0.0038 4 3 3 3 2 4 
60 0.283 0.0061 2 4 2 4 4 3 
61 0.218 0.0029 4 3 4 3 4 4 
62 0.1 0.0047 2 4 3 5 4 3 
63 0.121 0.0057 3 3 4 2 4 3 
64 0.146 0.0056 4 3 3 3 4 3 
65 0.081 0.0048 5 4 2 2 5 3 
66 0.098 0.0051 3 3 1 3 3 3 
67 0.134 0.0008 4 5 3 5 2 5 
68 0.088 0.0039 4 3 5 3 3 4 
69 0.171 0.0033 3 4 4 4 1 4 
70 0.046 0.0019 5 3 4 5 3 4 
71 0.201 0.0067 3 2 2 4 3 3 
72 0.101 0.0046 3 3 2 3 4 3 
73 0.186 0.0052 3 4 4 5 2 3 
74 0.105 0.0018 3 3 4 4 4 4 
75 0.121 0.0067 2 3 2 3 3 3 
76 0.126 0.0058 3 3 2 3 5 3 
77 0.081 0.0037 4 2 2 3 4 3 
78 0.098 0.0029 4 4 4 5 4 4 
79 0.074 0.0014 4 4 3 3 4 4 
80 0.162 0.0065 3 3 3 4 4 3 
81 0.253 0.0052 4 2 3 4 5 3 
82 0.125 0.0034 5 3 2 4 4 4 
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83 0.102 0.0076 3 3 5 4 5 3 
84 0.125 0.0078 3 3 3 3 2 3 
85 0.113 0.0054 4 3 3 4 4 3 
86 0.155 0.0147 3 2 3 4 4 1 
87 0.034 0.0044 3 4 3 3 2 3 
88 0.18 0.0081 4 4 2 4 2 3 
89 0.139 0.0073 5 3 3 4 5 3 
90 0.177 0.0067 4 3 3 2 5 3 
91 0.123 0.0053 3 2 3 4 4 2 
92 0.205 0.0048 3 4 3 3 2 3 
93 0.125 0.0053 4 2 3 3 5 3 
94 0.102 0.0078 5 2 2 3 4 3 
95 0.125 0.0073 3 2 3 4 5 3 
96 0.083 0.0027 3 3 2 4 5 4 
97 0.055 0.0011 4 4 4 5 2 4 
98 0.034 0.0021 4 2 4 4 5 4 
99 0.042 0.0016 4 3 3 4 5 4 

100 0.032 0.0019 3 4 2 3 4 4 
101 0.065 0.0015 4 3 5 5 3 5 
102 

Area B 

0.09 0.0018 4 3 2 2 1 4 
103 0.033 0.0014 4 3 3 4 5 4 
104 0.074 0.0008 4 4 4 3 5 5 
105 0.155 0.0061 3 3 3 3 4 3 
106 0.069 0.0019 4 4 4 4 3 4 
107 0.174 0.0087 2 2 4 4 4 3 
108 0.086 0.0047 4 1 2 2 2 3 
109 0.615 0.0156 1 1 4 3 3 1 
110 0.247 0.0018 4 3 4 4 5 3 
111 0.296 0.0051 3 4 2 3 4 3 
112 0.361 0.0068 4 3 2 2 2 3 
113 0.156 0.0039 2 2 3 3 2 2 
114 0.144 0.0083 3 3 3 4 3 3 
115 0.207 0.0047 2 3 4 3 3 3 
116 0.138 0.0051 4 5 3 3 3 3 
117 0.08 0.0061 1 5 3 2 2 2 
118 0.156 0.0066 2 3 3 3 5 3 
119 0.178 0.0039 3 5 3 4 2 4 
120 0.189 0.0065 4 2 3 3 5 2 
121 0.228 0.0088 3 4 1 4 3 2 
122 0.224 0.0074 3 4 2 3 5 3 
123 0.219 0.0058 5 4 2 2 4 3 
124 0.241 0.0061 3 4 4 4 5 4 
125 0.227 0.0049 4 2 2 3 5 3 
126 0.1 0.0027 3 2 3 4 4 4 
127 0.121 0.0007 4 4 4 3 3 5 
128 0.146 0.0036 4 3 4 4 3 4 
129 0.081 0.0038 5 3 4 4 3 3 
130 0.098 0.0041 3 5 5 4 5 3 
131 0.134 0.0068 3 2 2 2 4 2 
132 0.125 0.0059 5 3 4 3 4 2 
133 0.113 0.0083 3 2 1 3 3 2 
134 0.055 0.0019 4 4 3 3 3 4 
135 0.034 0.0007 3 4 4 3 3 5 
136 Area C 0.22 0.0046 5 3 3 3 4 4 
137 0.3 0.0052 2 4 2 4 4 3 
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138 0.39 0.0048 4 3 2 4 4 4 
139 0.2 0.0051 2 3 2 3 3 4 
140 0.14 0.0061 4 5 2 4 4 4 
141 1.19 0.0166 3 1 3 3 4 2 
142 0.31 0.0069 2 2 2 3 4 4 
143 0.52 0.0065 3 3 2 2 1 3 
144 0.66 0.0088 4 3 3 4 3 3 
145 1.03 0.0074 3 4 3 3 5 2 
146 0.68 0.0058 2 2 1 4 4 3 
147 0.25 0.0061 3 3 3 3 3 4 
148 0.45 0.0049 4 4 3 3 2 3 
149 0.78 0.0097 2 3 3 4 2 3 
150 

Area D 

0.52 0.0058 4 3 3 3 2 4 
151 0.48 0.0037 5 4 4 5 3 4 
152 0.25 0.0089 3 3 2 5 4 5 
153 0.66 0.0074 2 3 3 5 2 4 
154 0.68 0.0065 2 4 2 2 3 3 
155 0.15 0.0032 5 3 4 2 2 5 
156 0.78 0.0034 4 3 5 3 4 4 
157 0.82 0.0076 4 3 2 2 3 4 
158 0.55 0.0078 4 4 1 3 5 3 
159 0.33 0.0054 2 2 2 3 5 4 
160 0.58 0.0047 3 2 5 4 4 3 
161 0.82 0.0074 4 2 1 3 4 3 
162 0.91 0.0081 2 2 3 3 5 2 
163 0.78 0.0073 3 4 3 5 3 3 
164 1.18 0.0136 3 3 2 3 4 2 
165 1.07 0.0109 3 3 4 3 3 4 
166 0.43 0.0055 5 2 3 4 3 4 
167 1.06 0.0098 3 2 5 4 3 3 
168 0.83 0.0074 3 3 4 3 4 3 
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