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Abstract: Because construction work is conducted outdoors, construction workers are affected by 

harmful environmental factor. Especially, Particulate Matter (PM10) is one of the harmful 

environmental factors with a diameter of 10㎍/m³ or less. When PM10 is inhaled by human, it can 

cause fatal impact on the human. Contrary to the various analyses of health impact on PM10, the 

research on the relationship between construction accidents and PM10 are few. Therefore, this study 

aims to conduct the relative frequency analysis which find out the correlation between construction 

accidents and PM10, and the modified PM10 grade is suggested to expect accidents probability 

caused by PM10 in the construction industry. This study is conducted by four steps. i) Establishment 

of the database; ii) Classification of data; iii) Analysis of the Relative Frequency of accidents in 

the construction industry by PM10 concentration; iv) Modified PM10 groups to classify the impact 

of PM10 on accident. In terms of frequency analysis, the most accidents were occurred in the 

average concentration of PM10 (32㎍ /m³). However, we found that the relative frequency of 

accident was increased as the concentration of PM10 increased. This means the higher PM10 

concentration can cause more accidents during construction. In addition, PM10 concentration was 

divided as 6 groups by the WHO, but the modified PM10 grade by the relative frequency on accident 

was suggested as 3 groups.  
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1. INTRODUCTION 

Contrary to the manufacturing industry, most works in construction have to be conducted 

outdoors having various environmental factors. These environmental factors can affect the 

construction worker in various aspects such as health, productivity and constructability. The 

environmental issue about air pollutants have been highlighted in most countries, and it leads to a 

number of regulations and policies to control the harmful environmental factors. Especially, 
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Particulate Matter (PM10) is known as the representative factor which have significant impact on 

the human health. PM10 under  10㎍/m³ particulate matter is classified as Group 1 carcinogen by 

International Agency for Research on Cancer under World Health Organization (WHO) [1].  

There are various previous studies related to PM10, some of them focused on the health impact 

to the human body [2,3]. And there are some studies which provided that PM10 can cause 

productivity loss and increase stress of workers [4,5]. The others suggested the health management 

methods for construction workers considering PM10 concentration such as wearing personal 

protective equipment [6,7]. 

However, it was found that the previous studies analyzing the effect of PM10 on accidents of 

construction workers were insufficient. And, it can be judged that PM10 concentration can affect 

the accident occurrence if PM10 concentration have significant impact on the worker’s productivity. 

Thus, it is reasonable to analyze the relationship between PM10 concentration and the accident 

occurrence in construction.    

In this regard, this study aims to analyze the relationship between PM10 concentration and 

construction accidents in terms of both the frequency and the probability aspects. And the modified 

PM10 grade system is suggested to identify the impact level of construction accident by PM10, 

contrary to the conventional PM10 concentration established for measuring health impact by WHO.   

2. MATERIALS AND METHODS 

This research is conducted by four steps. 1) Establishment of the database, 2) Classification of 

data, 3) Analysis of the Relative Frequency of accidents in the construction industry by PM10 

concentration, 4) Development of modified PM10 grade to classify the impact of PM10 on accidents 

2.1. Establishment of the database 

Accident cases in construction were collected based on national occupational accident 

compensation database operated by Korea Occupational Safety & Health Agency, and the cases by 

worker’s illness were excluded to analyze on-site accident only. Overall 214,538 accident cases 

including 6,736 fatalities and 207,802 injuries from 2007 to 2019 were collected excluding missing 

data cases [8]. PM10 concentration including its location and date were collected from Korea 

meteorological administration (KMA). 

2.2. Classification of data 

Table 1 shows the classification of PM10 concentration by WHO to evaluate the health impact 

of PM10 [9]. PM10 concentration among the collected data set excluding missing data on 13-years 

have a range from 1 ㎍/m³ to 123㎍/m³. Five-groups by WHO standard from “Good” to “Very 

unhealthy” were defined in this study by the collected data set. And this study used 1㎍/m³ as unit 

to analyze PM10 concentration and relationship with accident cases.  

Table 1. Groups of PM10 concentration by WHO 

Concentration Classification 

Under 30㎍/m³ Good 

30 to 49㎍/m³ Moderate 

50 to 89㎍/m³ Unhealthy for sensitive people 

90 to 119㎍/m³ Unhealthy 

120 to 154㎍/m³ Very unhealthy 

Over 155㎍/m³ Hazardous 
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2.3. Analysis of the Relative Frequency of accidents in the construction industry by PM10 

concentration 

This study aims to analyze the relative relationship among PM10 concentration and construction 

accidents. Thus, it is hard to find out whether PM10 concentration has a significant relationship with 

accident using the conventional frequency analysis. The authors have insisted that the accident 

analysis based on the probabilistic approach, not the conventional frequency analysis, should be 

conducted to evaluate the risk [10]. Thus, the relative frequency analysis is proposed in this study 

to identify the impact of PM10 concentration on construction accident occurrence 

quantificationally.  

The proposed relative frequency analysis can be explained below with equations (1) to (3). This 

approach can evaluate the probability of accident occurrence depends on each PM10 concentration. 

Overall data set of 13-years about accident cases and related PM10 concentration was calculated 

using these equations. 

 

𝑃𝑒𝑟𝑖𝑜𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑏𝑦 𝑃𝑀10 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑖𝑛 13 𝑦𝑒𝑎𝑟𝑠
                                                              (1) 

 

𝐴𝑐𝑐𝑖𝑑𝑒𝑛𝑡 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑐𝑖𝑑𝑒𝑛𝑡𝑠 𝑏𝑦 𝑃𝑀10 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑐𝑖𝑑𝑒𝑛𝑡𝑠
                                                    (2) 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =
𝐴𝑐𝑐𝑖𝑑𝑒𝑛𝑡 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑃𝑒𝑟𝑖𝑜𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
                                                                        (3) 

 

Period fraction means the ratio of the period of a certain PM10 concentration among the total 

number of days for 13-years. Accident fraction means the ratio of the accident upon a certain PM10 

concentration per total accidents for 13-years. Relative frequency means the ratio of the accident 

fraction and period fraction. 

If the relative frequency is calculated as “1” using the above equations, it means that the 

probability of accidents is identical with the average level of overall duration. And, if the relative 

frequency is lower than “1”, it means that the probability of accident is lower than the average 

level. On the other hand, the relative frequency is higher than “1”, the probability of accident on a 

certain PM10 concentration is higher than average level.  

2.4. Modified PM10 groups to classify the impact of PM10 on accidents 

As mentioned above, the current group about PM10 concentration defined by WHO was 

classified based on the health impact of PM10. This study aims to analyze the impact level of PM10 

concentration on the accident occurrence in the construction industry, thus it is required to provide 

the modified group of PM10 concentration considering the relationship of PM10 and accident. 

First, the hierarchical clustering method was conducted using the collected data set of PM10 

concentration from 1㎍/m³ to 123㎍/m³. And then the elbow point was selected to define the 

optimal number of groups from the result of the hierarchical clustering [11]. Second, K-means 

clustering was applied to calculate the boundary of each group based on the number of groups using 

the elbow point. K-means clustering was used to calculate the median value of each group through 

minimizing the sum of squared errors [12]. Third, analysis of variance (ANOVA) and post-hoc test 

were applied to identify whether the developed groups are mutually independent of each other. 
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ANOVA and post-hoc test are a widely used methods to compare the average of groups which have 

3 or more [13].  

The modified group of PM10 concentration based on the accident occurrence can be developed 

using the above procedure. This modified group of PM10 concentration can show the range of PM10 

concentration which affect the accident impact, not the range of health impact.  

3. RESULTS AND DISCUSSION 

3.1. Results of the relative frequency analysis by PM10 concentration 

According to the research procedure mentioned in Chapter 2, accident cases and PM10 

concentration data for 13-years were analyzed. Figure 1 shows both the conventional frequency 

and the proposed relative frequency of accident occurrence upon PM10 concentration for 13-years. 

The grey colored line represents the amount of conventional frequency of accident, and the multi-

colored line represents the relative frequency of accident occurrence based on PM10 concentration. 

The colors of the relative frequency line about “green” as “good”, “blue” as “Moderate”, “yellow” 

as “Unhealthy for sensitive people”, “orange” as “Unhealthy”, and “red” as “Very unhealthy” 

represents the PM10 groups by WHO standard, respectively. And the value “1” on left axis means 

the baseline of relative frequency explained in chapter 2.3. 

 

Figure 1. Accidents by PM10 concentration 

As shown in Figure 1, the highest number of accidents showed at 32㎍/m³ (3,721 cases) of PM10 

concentration on the conventional frequency graph. Because of the average PM10 concentration in 

South Korea was observed as 37.5㎍/m³ by KMA, it could be interpreted that most of the accidents 

had been occurred at the average condition based on the results of conventional frequency analysis 

[14].  

However, if the period around the average PM10 concentration have a large portion for overall 

period, it is hard to judge that the largest number of accidents at the average PM10 concentration is 

the largest probability of accident occurrence. Thus, it might lead to a misunderstanding that PM10 

concentration has no impact to the accident occurrence. 
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The developed relative frequency was provided to solve this problem in this study. Contrary to 

the result of the conventional frequency analysis, the relative frequency analysis showed that when 

the PM10 concentration is increased, the accident occurrence ratio is increased continuously. And 

its r2 value based on linear regression of the relative frequency graph was calculated 0.7742. 

Additionally, the highest relative frequency of accidents on PM10 concentration was found at 

123㎍/m³ (1.61RF), and this means the probability of accident occurrence at 123㎍/m³ PM10 

concentration is 1.61 times higher than the average level during same duration.  

3.2. Result of modified PM10 concentration groups development 

3.2.1. Hierarchy clustering for selecting the optimal number of groups  

As mentioned in Chapter 2.4, this study developed the modified PM10 groups to classify the 

PM10 concentration focused on the impact of accident occurrence in construction, not the health 

impact. 

As shown in Figure 2, the elbow point was calculated as 3-groups through the hierarchical 

clustering for the collected data set of PM10 (1㎍/m³ to 123㎍/m³) and accident cases. 

 

 
Figure 2. Hierarchical cluster analysis and elbow point results 

 

3.2.2. K-means clustering for defining the range of each group 

K-means clustering was conducted to define the range for the selected 3-groups calculated by 

the hierarchical clustering and the elbow point calculation in the previous chapter. Table 2 shows 

the results of K-means clustering for 3-groups based on PM10 concentration. Contrary to the WHO 

standard, the developed groups of PM10 concentration about the accident impact were divided by 

3-groups, and Group 1,2,3 had the relative frequency of 0.31 to 1.02 under 41㎍/m³, 1.06 to 1.23 

among 42 to 82㎍/m³, and 1.24 to 1.61 over 83㎍/m³ PM10, respectively. It showed that Group 1 

have lower probability of accident occurrence during a certain period, Group 2 has similar 

probability with average level, and Group 3 has a higher probability than other groups.  

Table 2. Modified PM10 Groups of concentration 

Classification 
Concentration 

(㎍/m³) 
Relative frequency 

Group 1 Under 41 0.31 to 1.02 



133 

 

Group 2 42 to 82 1.06 to 1.23 

Group 3 Over 83  1.24 to 1.61 
 

3.2.3. Validation of the modified PM10 concentration group 

ANOVA and post-hoc test were conducted to check whether each groups has significant 

differences among each other. Table 3 and 4 show the results of ANOVA and post-hoc test, 

respectively. It was identified that there were significant differences among groups through 

ANOVA as shown in Table 3. Additionally, the independence of each group was checked through 

post-hoc test, as shown in Table 4, each group has a significant difference for all combinations, and 

it showed that the modified groups of PM10 about accident occurrence are effective to judge the 

probability of accident upon PM10 concentration in construction.  

 

Table 3. Modified PM10 group ANOVA results 

Source 
Levene’s 

test 
Levene’s P Welch’s test P-value 

Grade 8.455 .000 84.265 .000 

 

Table 4. Result of Post-hoc test of Modified PM10 group  

Groups of PM10 

(Games howell) 
Group 1 Group 2 Group 3 

Group 1 - .000 .000 

Group 2  - .000 

Group 3   - 

 

4. CONCLUSION 

Construction workers are generally exposed to the outdoor environments, and PM10 is a well-

known hazardous air pollutant which can affect the worker’s health and productivity throughout 

various previous studies. And there were a number of studies that focused on the health impact of 

PM10, it was, however, hard to find researches to investigate the relationship of PM10 concentration 

and accident occurrence.  

In this study, the relationship between PM10 concentration and accident occurrence was 

investigated through the relative frequency approach what we developed. And the modified PM10 

concentration group in terms of accident impact, not the health impact, was also developed. 

This study was conducted by four steps, i) Establishment of the database, ii) Classification of 

data, iii) Analysis of the Relative Frequency of accidents in the construction industry by PM10 

concentration, iv) Modified PM10 groups to classify the impact of PM10 on accident. 

The major results in this study are as follows. First, over 214,538 accident cases in construction 

and PM10 observations throughout 13-years in South Korea were analyzed. Second, contrary to the 

conventional frequency analysis, the relative frequency analysis showed that when the PM10 

concentration is increased, the accident occurrence ratio is increased continuously. And its r2 value 

based on linear regression of the relative frequency graph was calculated as 0.7742. Additionally, 

the highest relative frequency of accidents on PM10 concentration was found at 123㎍/m³ (1.61RF), 
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and this means the probability of accident occurrence at 123㎍/m³ PM10 concentration is 1.61 times 

higher than the average level during same duration. Third, the modified PM10 concentration group 

to judge the probability of accident occurrence upon PM10 concentration was developed and 

validated. And Group 1,2, and 3 had the relative frequency of 0.31 to 1.02 under 41㎍/m³, 1.06 to 

1.23 from 42 to 82㎍/m³, and 1.24 to 1.61 over 83㎍/m³ PM10, respectively. Contrary to the existing 

PM10 concentration groups by WHO standard, this modified group is focused on the accident 

impact of PM10 concentration, not the health impact.  

The contributions of this study are as follows. First, this study showed that the higher PM10 

concentration has a higher probability of accident in construction. It means that PM10 concentration 

can be utilized as an important factor, not only the existing health management, but as safety 

management to prevent accident. If the accident impact as PM10 concentration can be calculated, 

then accident loss and risk value can be expected [15]. Second, the modified PM10 concentration 

groups considering the accident impact were developed. Contrary to the conventional 6-groups by 

WHO were developed for worker’s health management, the modified 3-groups can be used to 

manage and control the safety plan for accident prevention upon PM10 concentration of a certain 

period.   

The limitation of this study is that the accident data was not subdivided by the severity level such 

as the fatalities, the unrecoverable injuries, and the recoverable injuries. And the various types of 

construction such as facility, work, and task were not considered.  
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