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Abstract: The construction industry has the highest frequency of injuries and fatal accidents compared
to other industries. Therefore, an accurate evaluation of the level of risk is necessary to effectively
manage accidents in the construction industry. Although risk assessments are used in the construction
industry to identify and reduce risk, they are carried out qualitatively by the subjective opinion of
safety managers. Therefore, this study proposed a quantitative risk assessment based on the risk
levels of 17 building facilities. Moreover, this study classified the building facilities into groups of
similar risk levels. This study involved five steps. The results of the study indicated that in terms
of both accident probability and financial losses, the facility type with the highest risk ranking was
“Residential buildings” (5.92). The risk assessment method proposed in this study can contribute
toward reducing accidents by identifying the exact risk level for each facility type. Moreover, clients
and contractors can utilize this study and its findings as a basis for different safety management
approaches depending on the risk group level.

Keywords: building type; Bayesian probability; accident cost; normalized method; clustering method

1. Introduction

The construction industry has been characterized by the highest probability of acci-
dental deaths compared to other industries. According to the “2020 Industrial Accident
Statistics” published by the Ministry of Employment and Labor (MOEL), the largest number
of occupational accidents (26,888 casualties) occurred in the construction industry of South
Korea [1]. In particular, the largest number of fatal occupational accidents (414) occurred
in the construction industry, representing approximately 50.4% of all fatal occupational
accidents. As the construction industry involves more injuries and fatal accidents than
other industries, efforts to reduce accidents are required for the safety of workers [2-5].

Therefore, it is necessary first to accurately evaluate the risk levels in the construction
industry [3,6], and where the types and risk levels of accidents differ depending on the
facility type. For example, the construction of “residential buildings” involves both struc-
tural frames and finishes; therefore, many “fall” accidents caused by working at heights
may occur during the construction of “residential buildings” [7]. However, during the
construction of “storage and treatment facilities for hazardous substances,” most accidents
are “hit by objects” accidents caused by the unloading and lifting of heavy objects [8]. As
the frequency and intensity of accidents differ depending on the facility type, it is necessary
to reduce the occurrence of accidents by suggesting an appropriate risk level evaluation
method that considers the facility type.

Traditionally, risk assessments, which are used to predict risks and establish reduction
measures, are conducted to evaluate risks in the construction industry. According to
the Occupational Safety and Health Act, a risk assessment must be conducted before
starting dangerous construction work [9]. In addition, Design for Safety, which is a safety
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management process carried out at the design phase, is also based on a risk assessment [10].
Existing risk assessments combine the frequency and intensity of accidents using a 3-point
or 5-point scale [9].

However, risk assessments are subjectively evaluated as “top, middle, and low” or
“large, medium, and small” at the discretion of the safety manager, and without any
objective standards or grounds. As a result, risk assessments based on subjective judgments
can result in different outcomes depending on the party that conducted the risk assessment.
In addition, exact risk levels cannot be identified because the assessment is based on
subjective experience [2]. Therefore, a quantitative and objective risk assessment technique
is required to ensure that proper safety management can be performed by accurately
identifying the risk levels in the construction industry.

According to previous studies, the probability of an accident can be considered in
terms of its frequency. Sawicki and Szostak (2020) used data on occupational accidents
occurring on scaffolding and assess the state of threat of working on scaffolding [11].
Nowobilski and Hola (2023) used data on 200 accidents that occurred in the Polish con-
struction industry and presented a methodology for predicting the probability of falls from
building scaffolding [12]. Dong et al. (2013) used data on fatal accidents and the number of
workers and determined the fatalities per 100,000 workers to identify the frequency of fatal
accidents caused by falls in the U.S. construction industry [6]. Similarly, Li et al. (2019) used
data on fatal accidents and the number of workers by city and determined the fatalities per
100,000 workers to identify the frequency of deaths in the construction industry in China
by city [13].

In South Korea, the probability of fatal accidents has been evaluated using the “fatali-
ties per 10,000 workers” metric, calculated using the number of construction workers and
the number of accidental deaths. However, it is difficult to use this metric as a basis for risk
assessment due to the following problems. First, the fatalities per 10,000 workers are only
evaluated for the entire construction industry [6]. However, the construction industry has
different accident characteristics and risk levels depending on the type of facility [14,15],
thus making it necessary to evaluate the probability of fatal accidents for different facility
types as well as for the entire construction industry. Second, the number of construction
workers is estimated using the ratio of construction cost to labor cost [16,17]. However, the
estimated number of construction workers may differ from the actual number of workers,
making it impossible to accurately evaluate the fatalities per 10,000 workers [18]. Third,
the number of construction workers is estimated by assuming that the number of working
days per year for construction workers is 264 [6,18]. However, in the case of non-regular
workers, the number of working days may vary [19]. Thus, the fatalities per 10,000 workers
cannot be accurately evaluated for non-regular workers.

Son (2021) calculated an accident probability based on the actual number of workers,
compared it with that based on the construction cost, and found no significant difference
between the two. Therefore, the frequency aspect of risk assessment can be based on
the construction cost for a more accurate accident probability than that using the current
fatalities per 10,000 workers [20].

According to previous studies, accident costs can be considered in terms of the in-
tensity of accidents. Baradan and Usmen (2006) considered the income loss of workers to
identify the intensity of accidents [21]. Waehrer et al. (2007) considered the direct medical
cost, indirect losses in wage and household productivity [22]. Yilmaz et al. (2015) analyzed
the compensations, medical expenses, and penalties caused by accidents to identify acci-
dent intensities [23]. According to Kim (2018) and Lee et al. (2021), the cost to workers,
employers, and the government in the event of an accident can be considered in terms of
the intensity of the accident [24,25].
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This study aimed to evaluate quantitative risk levels for different construction facility
types by considering the probability and financial cost of accidents.

2. Literature Review

In this study, a quantitative risk assessment was conducted for different construction
facility types by considering accident probability and financial cost. We analyzed the limi-
tations and implications of relevant previous studies and presented their main differences.
The analysis included previous studies related to (i) calculating the probability of construc-
tion accidents; (ii) calculating the cost of construction accidents; and (iii) construction risk
assessments. Table 1 summarizes the relevant previous studies.

We reviewed various previous studies investigating accident probabilities in the con-
struction industry [6,7,13,18,25-29]. These studies evaluated the accident probability using
the number of workers and accident frequency; however, the number of workers used was
not calculated through complete enumeration but estimated through
sampling [6,7,13,18,26]. When the accident probability is calculated using an estimated
number of workers, the probability cannot be accurately evaluated [18]. Compared to the
number of workers in the construction industry, for which complete enumeration is diffi-
cult, the construction cost invested in the construction industry has been more accurately
surveyed [30]. Therefore, to evaluate more accurate risk levels for the construction industry,
an accident probability based on construction cost rather than that based on the number of
workers should be used.

We reviewed various previous studies calculating the costs incurred due to construc-
tion accidents [22-24,31-35]. These studies quantified various cost items resulting from
construction accidents, such as direct, indirect, compensation, and penalty costs. However,
the cost of accidents to workers, employers, and the government consists of multiple cost
items rather than a single item. Therefore, to calculate the cost in terms of the intensity of
construction accidents, it is necessary to consider all potential costs, including income loss,
compensation costs, business loss, and administrative costs [5,24].

Finally, we reviewed the previous studies on quantitative and qualitative calculation
of risk in construction [15,21,36—40]. In these studies, the risks in the construction industry
were calculated using various methods such as surveys and data analysis. The risks were
also evaluated considering the frequency and intensity of accidents [21,39,40]. However,
accurate risk assessment could not be performed because the accident probability was
based on the number of workers or only considered some cost items.

The level of risk in construction can be evaluated using a combination of frequency
and intensity [3]. However, previous studies could not accurately evaluate risk levels
because they failed to consider frequency and intensity simultaneously. In addition, even if
the evaluation of risk levels did consider frequency and intensity, accurate data evaluation
could not be performed. Therefore, it is necessary to determine accurate risk levels for
the construction industry by considering both frequency and intensity. This study aimed
to propose a quantitative risk assessment technique based on a construction cost-based
accident probability and the cost of accidents to workers, employers, and the government.
In addition, the risk levels by construction facility type were calculated using the proposed
technique, with building facilities with similar risk levels classified into groups that can be
used for safety management decision-making.
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Table 1. Literature review on the analysis of construction accident probability, accident cost, and risk assessment.

Contents Authors Main Contents Findings
Effectiveness of new OSHA steel-framework standards was i(e)ZrS;ar\;tctlug alzsztezeoi f;i?i;et?ﬁitagcasﬁjﬁﬁt forg:;zﬁlty
Choe et al., 2016 [26] examined using four safety measurements. yescvo Jury P y

Chan et al., 2018 [27]

Dong et al., 2013 [6]

Accident Dong et al., 2014 [7]
probability

Grant et al., 2014 [28]

Konda et al., 2016 [18]

Lin et al., 2011 [29]

Lietal., 2019 [13]

Accident probability for Hong Kong bridge construction was
calculated and compared with the overall accident probability
for the construction industry.

Fall fatality accident data were analyzed for the construction
types of the U.S. construction industry.

Accident probability was compared between apartment
construction and non-apartment construction in the U.S.
construction industry.

211 accident data of OSHA were analyzed for accurate
understanding of the risks of truss construction.

Fatal accident data due to brain damage in the U.S. construction
industry were analyzed.

Work-related standards to prevent falls were provided by
analyzing fall-related statistical data.

Fatal accidents due to “falls” in Shanghai and Wuhan, China
were analyzed.

by 53.7%.

Bridge construction exhibited a higher accident rate and
higher average fatality than that of the overall
construction industry.

Safety management reinforcement is required for
large-scale social infrastructure construction.

Accident probability due to “falls” is highest for roof
construction.

Accident probability is higher in apartment construction
than in non-apartment construction.

The accident type that occurs most frequently in apartment
construction is “falling”.

Improper fall prevention equipment, lack of bracing, and
lack of workspace presented as the main causes of fall
accidents.

Based on age, workers aged 65 and over have the highest
probability for fatal accidents caused by brain damage.
Based on work type, steel-frame workers and roof workers
have the highest probability for fatal accidents caused by
brain damage.

Falls are mostly related to roof work.
30% of fatal accidents occur due to falls from scaffolding
or stairs.

The probability of “fall” accidents is higher in Wuhan than
in Shanghai.
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Table 1. Cont.

Contents Authors

Main Contents

Findings

Health and Safety Executive
(HSE) 2015 [31]

International
Labour Office (ILO) 2018 [32]

Accident Kim 2018 [24]
costs

Safe Work
Australia (SWA) 2015 [32]

Waehrer et al., 2007 [22]

Weerd et al., 2014 [34]

Yang et al., 2009 [35]

Work-related accident cases in the UK were analyzed and a loss

cost calculation method was developed.

Costs incurred as a result of occupational injuries and diseases

was estimated and information was provided for decision
makers in developing countries.

Accident cost was investigated by size and industry, and
accident losses for employers, workers, and the government
were calculated.

The estimated costs resulting from work-related injuries and
diseases in Australia was calculated.

The cost of occupational accidents in the U.S. construction
industry was calculated.

A method for determining the costs caused by work-related
accidents and diseases was derived.

Tasks that require intensive management were derived by
evaluating injury and fatal accident risk for each task in the
construction industry.

When the proportions of injured and sick workers in UK
workplaces were surveyed in 2017 and 2018, it was found
that the lost cost incurred by diseases represented a larger
proportion even though the number of injured workers
was larger.

It was reported that this is because sick patients had more
days off than injured workers.

The need to invest in safety management of workplaces for
improved work productivity and economic efficiency

was presented.

It was reported that it is necessary for decision makers to
identify the cost required to improve safety and health in
workplaces and improve their awareness.

As stakeholder losses in construction are presented,
awareness of safety management can be raised.

Research on the production levels of construction sites and
the insurance premiums caused by accidents are limited.

A framework for classifying accidents by severity and
estimating direct/indirect loss costs by the number of
occupational accidents was developed.

The average cost of construction accidents in 2002 was
$27,000 per case, which is approximately twice as high as
that of other industries.

During the calculation of the costs resulting from accidents
and diseases, underreporting or overreporting must be
prevented through sensitivity analysis for uncertainty.

The injury accident risk was highest for carpenters while
the fatal accident risk was highest for painters, requiring
intensive management.

Labor loss cost calculations and risk by task results can be
used as the risk factor for fatality loss.
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Table 1. Cont.

Contents Authors

Main Contents

Findings

Yilmaz and Celebi 2015 [23]

The cost of manpower losses due to accidents at construction
sites in Turkey was investigated, and the financial losses of
minor and fatal occupational injuries were compared.

The costs resulting from accidents include not only
occupational costs but also various expenses, such as
accident compensation, medical expenses, penalties, court
costs, and education and insurance costs.

Minor injuries cause significant losses in workplaces as
they are not sufficiently reviewed or recorded.

Baradan and Usmen 2006 [21]

Choi and Kim 2012 [37]

Risk Dumrak et al., 2013 [38]
assessment
Go et al., 2004 [15]
Jo et al., 2017 [38]

Accident risk scores were evaluated by specialized construction
tasks by considering the frequency and intensity of accidents.
Accident probability was considered with frequency, and the
income losses of workers was considered with intensity.

Safety and health awareness were investigated at workplaces
that apply risk assessments.

A survey involving clients and participants of the wider
construction industry and specialized construction industry that
achieved KOSHA 18,001 certification.

Data on 24 764 accidents were analyzed to identify the factors
affecting the risk of construction accidents.

Based on 11-years of accident cases obtained from the Korea
Occupational Safety and Health Agency, each task of the
construction industry was classified into elements and detailed
work, and the frequency of accidents and the degree of risk were
presented for each task.

The likelihood of construction accidents in the Korean
construction industry was analyzed.

Among the specialized construction industry tasks,
steel-frame workers and roof workers were found to have
the highest integrated risk scores.

Through risk assessment, risk factors were derived in
advance and activities for improvement were increased.

Worker characteristics, work environment, and unit work
determine the degree of exposure to circumstances that
cause accidents by triggering accident mechanisms.

Concrete construction had the highest risk index, followed
by earth works, lifting work, dismantling work,
stone/exterior wall construction, and

steel-frame construction.

Male workers exhibited higher accident probability than
female workers.

For the age, workers aged 40 and over showed the highest
accident probability.

For the number of workers, workplaces with five or fewer
employees showed the highest accident probability.
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Table 1. Cont.

Contents Authors Main Contents

Findings

- A steel-frame construction risk assessment model based on the
Leu and Chang 2013 [39] fault tree technique and Bayesian probability was developed.

- Based on accident data from construction sites, the frequency of
accidents and the average amount of damage for each cause
Yu et al.,, 2017 [40] behind an accident risk factor were analyzed through the Monte
Carlo technique.

A risk assessment model applicable to accident factors in
steel-frame construction was developed.

The practicality of the developed model was verified by
applying it to actual cases of project accidents.

For accident causes, construction defects showed the
highest frequency of accidents followed by fire, typhoons,
heavy rain, and worker carelessness.

For accident causes, theft exhibited the largest average
amount of damage followed by heavy rain etc.
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3. Materials and Methods

As shown in Figure 1, this study was conducted in the following order: (1) data collec-
tion and classification; (2) calculation of accident probability using Bayesian probability;
(3) calculation of accident cost; (4) calculation of risk ranking using normalization method;
and (5) classification of risk level using k-means clustering.

< Start > Research objective Step 1: Data collection and classification

- This study presents an objective and [1,4l | ... - Collection of accident
Step 1 ) quantitative risk assessment method \% A data and construction
Data collection and based on previous data ﬂ: cost data
classification - This study presents a quantitative - Classification of
risk level for the construction facility g collected data into 17
Step 2 \ type based on a suggested risk &~ construction facility
Calculation of accident assessment method DI]DI] HHE types
prOb,ablhty usmg Step 2: Calculation of accident probability Step 3: Calculati f accident cost
Bayesian probability using Bayesian probability °p > L-alculation of accident cos
Step 3 \ Productivity loss cost L:Z::z::‘s‘
P(F:1A;) < P(A- Industrial accident insurance
Caleulation of p(ags) =21 P‘(fg, =
1 J iministrati Business loss cost
a001dent cost Busmesslfss cost Administrative loss cost
- The accident probability of 17 - The accident cost is calculated in terms
Step 4 construction facility types are calculated of productivity loss cost, compensation cost,
Calculation of risk by Bayesian probability and business loss & administrative cost

ranking using
normalization method

Step 4: Calculation of risk ranking using Step 5: Classification of risk level using

normalization method K-means clustering

Step 5

level usin

Classification of risk

g K-means

clustering

A

End

i g X S e
¥ e £ M O RiskLev3) ' T
B S S #f—-r———==cf-o3socs O X
i — ‘E i :RiskLeveH'
3 H X Central Point | o ooy @ '
= I 'E f ORisk Level 1
e 3 . CiRisk Level 2
H DRisk Level 3
@ ’f "y y" y" yﬂt\é‘ip’ snfy(&"yp ya eﬁ’é ,i L] Risk Level 4
3"9 5 ORiskLevel5 |~ p=--=---
J& 0‘ ,af’“) &»‘ - Risk Level § .
4 f
i s e T
- ‘Residential building’ (5.93) are considered - The 17 facility types are classified into
the most dangerous construction sites five risk group level

Figure 1. Research process.

3.1. Data Collection and Classification
3.1.1. Data Collection

It was first necessary to collect the related data to calculate the quantitative accident
probability and accident cost for each construction facility [2]. In this study, data on
fatal and injury-causing construction accidents, as well as annual construction costs by
facility, were collected to calculate the quantitative accident probability and cost for each
facility type.

The Ministry of Land, Infrastructure, and Transport (MOLIT) provides accident data
online using a Construction Safety Management Integrated Information (CSI) database
system [41].

In this study, data on 5083 construction accidents from April 2018 to May 2021 were
obtained from the CSI database (See Table S1).

To base the accident probability on construction cost rather than on the number of
construction workers, it was necessary to collect data on the total construction cost for
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each facility type. Statistics Korea provides data on the contract amount, amount realized,
original contract amount, and subcontract amount for different construction facilities.
Because Statistics Korea only provides the construction cost for the corresponding year,
data on the total construction cost were collected to determine the construction cost for
the corresponding year regardless of the completion of construction or receipt of payment.
Data on the total construction cost from 2017 to 2019, provided by Statistics Korea, were
used to calculate the construction cost-based accident probability [30] (See Table S2).

In previous research, Jeong et al. (2021) analyzed data on 5732 fatal accidents [42]. Also,
Konda et al. (2016) analyzed data on 2210 fatal accidents in the U.S [16]. Accordingly, the
5083 construction accidents used in this study were considered to be sufficient to calculate
the quantitative accident probability.

3.1.2. Data Classification

To calculate the accident probability and cost for each construction facility using the
abovementioned data, the construction facilities were classified as follows. We referred to
the 29 construction facility types presented by the Enforcement Decree of the Building Act
[Annex 1] Building Types by Use (related to Article 3-5) [41]. To match the accident data
collected from the CSI database with the construction cost data collected from Statistics
Korea, 17 facility types were selected, from “residential buildings” to “miscellaneous
facilities”, as shown in Table 2.

Table 2. Classification of collected data.

Number of Annual Number of Annual Injury Number of Annual

Annual Construction

Facility Type Fatal Accidents Causing Accidents Accidents Costs (Million Dollars)
Residential buildings 27.98 626.88 654.85 55,516
Factories 14.31 166.89 181.20 23,356
Tourist resting facilities 0.33 2.93 3.25 4935
Education and research 5.20 148.02 153.22 6113
facilities
Neighborhood living 11.06 144.11 155.17 13,148
facilities
Houses 3.25 30.25 33.51 5452
Cultural and assembly 2.93 50.75 53.68 1403
facilities
Lodging facilities 1.95 33.18 35.13 4439
Business facilities 10.41 184.45 194.86 24,154
Sports facilities 0.98 13.66 14.64 857
Transportation facilities 0.98 15.29 16.27 839
Storage and treatment
facilities for hazardous 0.00 4.23 4.23 2730
substances
Medical facilities 2.60 24.72 27.33 2690
Religious facilities 0.65 24.07 24.72 900
Warehouse facilities 15.29 30.90 46.19 4533
Sales facilities 3.58 38.39 41.97 6512
Miscellaneous facilities 4.23 48.80 53.03 6387
Sum 105.73 1587.52 1693.25 163,965

Finally, the collected accident data and construction cost data were reclassified for the
17 facility types. Table 2 shows the reclassified data.

3.2. Calculation of Accident Probability Using Bayesian Probability

The existing frequency-based probability can be accurately calculated using sufficient
past data. However, there was not enough data to calculate an accurate probability for
unexpected events during construction, such as the occurrence of accidents [39]. Bayesian
probability, a method for estimating the probability of an event that has not occurred using
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various probabilities related to the event [39,43-45], can be used to address this problem of
frequency-based probability.

In this study, we attempted to calculate the accident probability for each facility type
based on information on past accidents at each facility type and the amount realized for
each facility type. To calculate the accident probability, the codes describing accident
occurrence, no accident, and facility type were first determined (See Table S3).

Bayesian probability was calculated using Equations (1)—(5) below.

P(B)) = P<?(;] )Bf) )
P(B]‘ N Ai)

P(A;j) = TP(A) 2

P(B]' N Ai) = P(Al') X P(Ai) (4)

p(p) = AT ®

where P(A;) = prior probability for variable A; P(B j) = prior probability for variable B,
P(A;) = likelihood; P(B;) = posterior probability

In other words, prior probability P(A;) indicates the probability that an accident
or no accidents will occur. In this study, prior probability P(A;) was calculated using
the collected accident data. In this instance, prior probability P(A;) was calculated by
dividing the number of accidents that have occurred at the corresponding facility by the
number of accidents that have occurred at all facilities. Prior probability P(B;) indicates
the probability that construction will occur at facility B; among all constructions. In this
study, prior probability P(B;) was calculated using the construction cost data collected for
each facility type. In this instance, prior probability P (B]-) was calculated by dividing the
construction cost of the corresponding facility by the construction cost of all facilities. In
addition, likelihood P(A;) is the probability that the facility at which an accident or no
accidents occurred was facility B;. In this study, the likelihood P(A;) was calculated using
the accident and construction cost data collected for each facility type. Finally, the posterior
probability, which is the probability that an accident or no accidents will occur at facility B;,
was calculated using the prior probability and likelihood.

3.3. Calculation of Accident Costs

In this study, costs were considered when calculating the accident intensity of affected
parties, such as workers, employers, and the government, following an accident in the
construction industry [5,24]. To calculate the cost of an accident causing a fatality or injury
in the construction industry, the items were first derived by referring to previous studies.

Determining Accident Costs

In this study, accident cost was calculated by referring to previous studies [5,24,31-33].

The cost of productivity loss related to the income and tax of workers [5,24,31], the
compensation costs related to the pay-outs for accident victims [5,24,31], and the business
and administrative costs related to lost business [5,24] were considered in calculating
accident cost. The details of the cost items are presented in the Supplementary Materials
(Table S4).

The costs of fatal and injury-causing accidents, presented in Table 3, are based on
previous studies on cost items, as presented in Table S4 [5]. Finally, the annual accident
cost by facility type using accident data for each facility type and cost per accident can be
calculated using Equation (6).
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Accident cost by facility type = Accident cost per fatal accident x Number of fatal accidents+ ©)
Accident cost per injury causing accident X Number of injury causing accidents
Table 3. Cost per fatal and injury causing accident.
Severity Cost per Accident (Million Dollars)
Fatal 15.56 x 107!
Injury 1.34 x 1071

3.4. Calculation of Risk Ranking Using Normalization Method

In this study, the accident probability and cost for each construction facility type
were calculated to solve the problem with risk assessments performed qualitatively and
subjectively. In addition, it is necessary to integrate the two variables of accident probability
and cost to calculate the risk level for each facility type.

A normalization method was used to integrate the accident probability and cost. This
method normalizes and ranks the variables through simple calculations [2]. In addition,
unlike other integration techniques, this method can perform normalization by considering
the number of variables [2,46]. As shown in Equations (7)-(9), the normalized accident
probability risk ranking (NPR), normalized accident cost risk ranking (NLR), and average
normalized risk ranking (ANR) can be calculated using the normalization method.

Normalized accident probability risk ranking (NPR) =

Accident probability™™ — Accident probability; 17 @)
Accident probability™®* — Accident probability™"

Accident cost™ — Accident cost;

Normalized accident cost risk ranking (NLR) = x 17 8)

 Accident cost™ix — Accident cost™in
where the risk ranking = the accident probability and cost value for each of the 17 facil-
ity types; the normalized risk ranking = the normalized ranking value for each of the

17 facility types

Average normalized risk ranking (ANR) =
©)

Risk m”ki”gi(accident prObnhilily)+Ri5k mnki”gi(accidenf lost cost)
2

The risk ranking for each construction facility type can be calculated using Equations (7) and (8).
The normalized ranking value ranges from 0 to 17. As it approaches zero, the facility type
has a higher risk level considering both the accident probability and cost [2].

3.5. Classification of Risk Level Using K-Means Clustering

The risk level for each construction facility type was calculated considering both the
accident probability and cost, as shown above. If facility types with similar risk levels
were classified from the viewpoint of contractors undertaking various construction projects,
accidents could effectively be reduced by using different safety management approaches
for each risk group level. Therefore, this study attempted to group facility types by similar
risk levels based on risk levels calculated for each facility type.

In this study, facility types with similar risk levels were classified using k-means
clustering [2]. K-means clustering randomly selects k centroids and allocates the data to the
nearest centroids. The data can then be classified into k groups by repeating the process of
readjusting the centers of the data allocated to the k centroids until no more readjustment
is required [47]. In this study, the number of groups, k, was set to five using the elbow
method and k-means clustering was performed [48].
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4. Results
4.1. Results of the Accident Probability Analysis

In this study, the accident probability for each construction facility type was calculated
through Bayesian probability. The accident probabilities for the 17 facility types were
calculated using Equations (1)—(5), as shown in Table 4. Figure 2 compares frequency of
accidents and accident probability for each facility type.

Table 4. Analysis of accident probability for 17 facility types using Bayesian probability.

Accident Probability

Facility Type Number of Accidents (Annually) (Accidents/Million Dollars)
(Annually)
Residential buildings 654.85 11.78 x 1073
Factories 181.20 7.78 x 1073
Tourist resting facilities 3.25 0.67 x 1073
Education and research facilities 153.22 24.70 x 103
Neighborhood living facilities 155.17 11.78 x 1073
Houses 33.51 6.17 x 1073
Cultural and assembly facilities 53.68 37.21 x 1073
Lodging facilities 35.13 7.93 x 1073
Business facilities 194.86 8.09 x 1073
Sports facilities 14.64 16.97 x 1073
Transportation facilities 16.27 19.21 x 1073
Storage and treatment facilities for 493 156 x 10-3

hazardous substances

Medical facilities 27.33 10.16 x 1073
Religious facilities 24.72 26.99 x 1073
Warehouse facilities 46.19 10.19 x 1073
Sales facilities 41.97 6.47 x 1073
Miscellaneous facilities 53.03 8.32 x 1073

It was found that “Cultural and assembly facilities” (37.21 x 10~ accidents/million dol-
lars) have the highest accident probability followed by “religious facilities” (26.99 x 1073
accidents/million dollars) and “education and research facilities” (24.70 x 103 acci-
dents/million dollars).

However, “Tourist resting facilities” (0.67 x 1073 accidents/million dollars) showed
the lowest accident probability followed by “storage and treatment facilities for haz-
ardous substances” (1.56 x 1073 accidents/million dollars) and “houses” (6.17 x 1073
accidents/million dollars).

According to the accident data provided by the CSI database, “residential buildings’
exhibited the largest average number of accidents (654.85), followed by “business facilities”
(194.86) and “factories” (181.20).

As seen in Figure 2, “residential buildings” were found to be the most dangerous
facility type in terms of the frequency of accidents but ranked seventh among the 17 facility
types in accident probability. However, “Cultural and assembly facilities,” which were
found to be the most dangerous facility type in terms of accident probability, ranked sixth
among the 17 facility types in terms of accident frequency.

7

7

4.2. Results of the Accident Lost Cost for 17 Facility Types

In this study, the accident cost was calculated for the 17 facility types using cost
per accident and Equation (6), as shown in Table 5, to calculate the risk level for each
facility type.
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Figure 2. Comparison between accident probability and frequency for 17 construction facility types.

Table 5. Analysis of accident costs for 17 construction facility types.

Facility Type Accident Costs (Million Dollars)
Residential buildings 127.29
Factories 44.57
Tourist resting facilities 0.90
Education and research facilities 27.88
Neighborhood living facilities 36.47
Houses 9.10
Cultural and assembly facilities 11.34
Lodging facilities 7.47
Business facilities 40.84
Sports facilities 3.34
Transportation facilities 3.56
Storage and treatment facilities for hazardous 057
substances )
Medical facilities 7.35
Religious facilities 4.23
Warehouse facilities 27.92
Sales facilities 10.70

Miscellaneous facilities

13.10
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It was found that “residential buildings” (127.29 x 10! million dollars) have the
highest accident cost followed by “factories” (44.57 x 10! million dollars) and “busi-
ness facilities” (40.84 x 10! million dollars). However, “storage and treatment facil-
ities for hazardous substances” (0.57 x 10~! million dollars) showed the lowest cost,
followed by “tourist resting facilities” (0.90 x 10~! million dollars) and “sports facilities”
(3.34 x 10~! million dollars).

4.3. Results of the Risk Ranking Considering Accident Probability and Cost

The accident probability and cost were calculated for all facility types to evaluate their
quantitative risk levels. According to Table 4, the most dangerous facility type in terms of
accident probability was “cultural and assembly facilities” (37.21 x 103 accidents/million
dollars). According to Table 5, the facility type with the highest accident intensity in terms
of lost cost was “residential buildings” (127.29 x 10~! million dollars). As the accident
probability and cost differ for each facility type, it is necessary to present an integrated risk
ranking that considers both.

Accident probability and cost were normalized using the normalization method to
calculate the risk level by considering both the accident probability and accident cost. The
accident probability and accident cost of the 17 facility types were normalized from 0.00
to 17.00 using Equations (7) and (8), and the average normalized risk ranking used to
integrate each ranking was calculated using Equation (9). Table 6 shows the ANR of the
17 facility types.

Table 6. Calculation of risk ranking for 17 construction facility types using normalized method.

Facility Type NPR NLR ANR
Residential buildings 11.83 (7) 0.00 (1) 5.92 (1)
Factories 13.69 (13) 11.10 (2) 12.39 (6)
Tourist resting facilities 17.00 (17) 16.96 (16) 16.98 (17)
Education and research facilities 5.82 (3) 13.34 (6) 9.58 (3)
Neighborhood living facilities 11.83 (6) 12.18 (4) 12.01 (5)
Houses 14.44 (15) 15.85 (10) 15.15 (15)
Cultural and assembly facilities 0.00 (1) 15.56 (8) 7.78 (2)
Lodging facilities 13.62 (12) 16.07 (11) 14.85 (13)
Business facilities 13.55 (11) 11.60 (3) 12.57 (8)
Sports facilities 9.42 (5) 16.63 (15) 13.02 (10)
Transportation facilities 8.37 (4) 16.60 (14) 12.49 (7)
Storage and treatment facilities for

hazardous substances 16.58 (16) 17.00 (17) 16.79 (16)
Medical facilities 12.58 (9) 16.09 (12) 14.34 (11)
Religious facilities 4.75 (2) 16.51 (13) 10.63 (4)
Warehouse facilities 12.57 (8) 13.33 (5) 12.95 (9)
Sales facilities 14.30 (14) 15.64 (9) 14.97 (14)
Miscellaneous facilities 13.44 (10) 15.32 (7) 14.38 (12)

When the ANR was calculated by considering both the accident probability and loss
cost, “residential buildings” (5.92) exhibited the highest ANR followed by “cultural and
assembly facilities” (7.78) and “education and research facilities” (9.58).

In the case of “residential buildings,” the NLR was found to be high, but the risk
level ranked seventh among the 17 facility types from an NPR perspective. “Residential
buildings” was found to be the most dangerous facility type, ranking first in the ANR
that considers both the accident probability and accident cost. In addition, “cultural and
assembly facilities,” which had the highest risk level in terms of the NPR, also ranked
second for ANR.

For all facilities, the accident cost can be low even if the accident probability is high, or
the accident probability can be low even if the cost is high. Therefore, when it comes to the
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risk level, it is necessary to evaluate the risk ranking comprehensively by considering both

the accident probability and cost.

4.4. Rseults of Risk Level Clustering considering Accident Probability and Cost

group levels in this study using k-means clustering.

Table 7. Clustering of risk level for 17 construction facility types.

Risk groups were determined based on the risk rankings to enable decision-makers in
the construction industry to easily establish safety management plans for different facility
types. As shown in Table 7 and Figure 3, the 17 facility types were classified into five risk

Facility Type ANR Risk Level Group
Residential buildings 5.92 (1) 5
Cultural and assembly facilities 12.39 (6) 4
Education and research facilities 16.98 (17) 3
Religious facilities 9.58 (3) 3
Neighborhood living facilities 12.01 (5) 2
Factories 15.15 (15) 2
Transportation facilities 7.78 (2) 3
Business facilities 14.85 (13) 2
Warehouse facilities 12.57 (8) 2
Sports facilities 13.02 (10) 3
Medical facilities 12.49 (7) 1
Miscellaneous facilities 16.79 (16) 1
Lodging facilities 14.34 (11) 1
Sales facilities 10.63 (4) 1
Houses 12.95 (9) 1
Storage and treatment facilities for 14.97 (14) 1
hazardous substances
Tourist resting facilities 14.38 (12) 1
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Figure 3. Clustering of risk level for 17 construction facility types.
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e  Risk group level 1 is characterized by low accident probability and cost and includes
seven facility types;

e Risk group level 2 is characterized by low accident probability and medium-level
accident cost and includes four facility types;

e Risk group level 3 is characterized by low accident cost and medium-level accident
probability and includes four facility types;

e  Risk group level 4 is characterized by medium-level accident cost and the highest
accident probability and includes “cultural and assembly facilities”;

e  Risk group level 5 is characterized by medium-level accident probability and the
highest accident cost and includes “residential buildings”.

Decision-makers can use the results of this study to allocate appropriate funds for
safety measures depending on the risk group level. In addition, as the facilities in risk
group level 5 would incur large costs in the event of an accident, despite having a relatively
low accident probability, safety management of such facilities can focus on reducing
accident costs. In contrast, as facilities in risk group level 4 are characterized by a large
number of accidents, the safety management of these facilities can focus on reducing the
occurrence of accidents.

The ANR and risk level groups shown in Table 7 indicate that risk group level 5 has
the highest risk ranking followed by risk group level 4. In contrast, risk group level 1
was found to have the lowest risk ranking. The risk rankings of risk group levels 2 and
3 are similar, making it impossible to determine which group requires a higher degree of
safety management through ANR alone. However, using the proposed safety management
approach for each risk group level, the safety management of risk group levels 2 and 3 can
focus on reducing accident cost and accident occurrence, respectively.

5. Discussion

In this study, we performed a risk assessment by considering the accident probability
and accident cost for 17 construction facility types. The risk assessment results obtained
using the normalization method showed that “residential buildings” is the facility type
with the highest ANR (5.92).

According to MOLIT, “residential buildings” account for approximately 40% of all
construction projects started in 2021 [41]. Moreover, among the 17 facility types, “residen-
tial buildings” have the highest annual construction cost [30]. In addition, according to
Hatipkarasulu (2010), “residential buildings” have the largest number of accidents [14]. As
“residential buildings” facilities are constructed in the largest quantities, naturally, they
involve the largest number of accidents and the highest risk level.

According to Leu and Chang (2013), accidents described as “falls” most frequently
occur during “residential buildings” construction due to repeated work at height for each
floor, such as structural framework, ceiling finishing work, and operating machinery
at height [39]. The research by Dong et al. (2014) reported that half of all accidents in
“residential buildings” construction are “fall” accidents [7]. As “falls” are highly likely to
cause death compared to other accident types, “residential buildings” have the highest
risk level in terms of accident intensity [39]; therefore, safety management needs to be
performed first for “residential buildings.”

Using the accident probability, accident cost, risk level for each facility type, and the
proposed risk group levels can help clients and contractors in the decision-making on
safety management in the construction or pre-construction phases. For example, clients
can invest in larger safety budgets for projects with facilities in groups with higher risk
levels. Contractors can reduce accidents and losses by accurately identifying and managing
accident probability and accident costs of a construction project.

To describe how the results of this study can be used, Table 8 presents the construction
projects undertaken by construction contractor “L” in 2017. According to Table 8, in 2017
contractor “L” undertook projects belonging to all risk group levels, except for risk group
level 4. Based on the results of this study, contractor “L” can choose to invest in a larger
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safety budget for facilities with the highest risk level, i.e., those in risk group level 5. They
can also perform safety management focusing on reducing accident costs for “education
and research facilities”, which belong to risk group level 2. In contrast, for the “tourist
resting facilities” of risk group level 3, safety management can focus on reducing the
occurrence of accidents.

Table 8. Construction project carried out by ‘L’ contractor in 2017.

Facility Type The Number of Projects Risk Level Group
Residential building 8 5
Tourist resting facilities 3 3
Business facilities 2 2
Education and research facilities 1 1
Warehouse facilities 1 1

6. Conclusions

To reduce risks in the construction industry, which involves more accidents compared
to other industries, it is necessary to first identify risk levels accurately. However, construc-
tion risk assessments adhering to the Occupational Safety and Health Act are subjective and
qualitative, making it impossible to identify the risk level accurately. Therefore, this study
presented quantitative risk levels by facility type by considering the accident probability
and accident cost. In addition, facility types with similar risk levels were classified into
groups to help those in the construction industry make decisions for safety management.

This study involved the following five steps: (1) data collection and classification;
(2) calculation of accident probability using Bayesian probability; (3) calculation of accident
cost; (4) calculation of risk ranking using normalization method; and (5) classification of
risk level using k-means clustering.

The contributions of this study are as follows. First, a quantitative risk assessment
method based on past data was proposed as an alternative to qualitative risk assessments.
Second, the risk levels for each facility type and the risk group levels presented in this
study can be utilized by clients or contractors in project safety management.

The limitations of this study are as follows: first, the risk level of each facility type
in this study includes both death and injury. Therefore, the difference between the risk
level for death and injury has not been considered for the facility types. Second, in this
study, the accident cost for each facility type was calculated by multiplying the number of
accidents for each facility type by the cost per accident. Therefore, the difference in accident
cost between facilities was not reflected. Third, the cost of injury-causing accidents, which
differs depending on the required days of care, was not applied. Fourth, although the risk
levels for different facility types are presented in this study, they do not include the risk
levels for the construction type and work type.

Future research will be conducted in the following three directions: first, based on the
risk levels by facility type presented in this study, a standard for the allocation of safety
management expenses by facility type should be established. Second, in addition to the
accident risk level, the risk level for each fatal and injury-causing accident must also be
calculated. In the case of injury-causing accidents, different accident costs will be applied
depending on the required days of care. Third, the risk level for each construction type and
work type must be calculated alongside the risk level for each facility type.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/buildings13020327/s1, Table S1: Example of collected
accident data; Table S2: Annual construction cost of South Korea; Table S3: Code name for accident
occurrence, no accident, and fatality type; Table S4: Accident cost items in the construction industry.
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