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Abstract: The construction industry is known as a hazardous industry because of its complexity
and strategic nature. Therefore, it is important to know the main causes of occupational accidents
to prevent fatal occupational accidents in construction industry. At building construction sites,
workers performing tasks are continuously exposed to risks, not only emerging from their own
mistakes but also from the mistakes of their co-workers. A great deal of studies investigating
risks and preventing occupational hazards for the construction industry has been carried out in
the literature. The quantitative conventional methods mostly use either probabilistic techniques or
statistics, or both, but they have limitations dealing with the ambiguity and fuzziness in information.
In this study, to overcome these limitations, an applicable and improved approach, which helps
construction managers to propose preventive measures for accidents on construction sites, is proposed
to simplify the risk assessment. It is shown that the Fuzzy Decision Making Trial and Evaluation
Laboratory (DEMATEL) method can evaluate causal factors of occupational hazards by a cause–effect
diagram and improve certain safety measures on construction sites. In addition, sensitivity analysis
is conducted to verify the robustness of the results.
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1. Introduction

The construction industry is infamous for the highest accident rates compared to any other
industry in many parts of the world [1]. The amount of work accidents and injuries has been increasing
drastically for years in construction industry. This occurs because the construction industry comprises
higher percentage of self-employed workers, and large number of seasonal and migrant workers [2].
Hence, the importance of accident and injury prevention, which requires a knowledge of accidents’
causal factors and how the factors increase the probability of risks that can cause accidents, has
arisen [3,4].

The literature on occupational risk assessment reveals that accidents are caused from a wide range
of factors such as unsafe tools, conditions related with the work site, the industry specific problems,
unsafe methods related with the work, human factors and management issues [5]. Physical hazards
on construction sites occur because of continuing exposure to mechanical process or work activity.
As a result, physical hazards can cause various types of injuries, from minor and requiring first aid
only, to disabling and/or fatal.

Physical hazards involve conditions such as working at height, falling objects, exposure to
electricity, etc. Falls from height have been regarded as the most frequent cause of injury or death
among the accidents on construction sites [6]. Slips and trips that cause fall are also assumed as the most
prevalent occupational hazards and lead to one third of all serious injuries. Being struck and crushed
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by equipment, fires and explosions related with the ignition of flammable materials are other common
occupational risks on construction sites. For example, Pipitsupaphol and Watanabe [7] represented
that falling, workers being struck by falling objects, stepping on or striking against objects are the three
most frequently occurring type of accidents in Thailand. In addition, OSHA (Occupational Safety and
Health Administration) and Huang and Hinze [8] informed that falls and struck by falling objects also
have been the cause of the highest number of injuries and fatalities in the U.S. construction industry.

As for occupation type, particularly, falling off machines and machines overturning when
travelling up or down slopes are commonly encountered major hazards for construction site workers [9].
In addition, electrical devices such as cables, circuit breaker panels and cords present a high risk for
workers in areas exposed to electricity. Common sources of these physical injuries on construction sites
occur due to technical or human errors [10]. Dumrak and Mostafa [11] and Jackson and Loomis [12]
claimed that truck drivers, plant operators, electricians are highly susceptible to fatal accidents.

These may arise from lack of safety knowledge, training, supervision, uncontrolled working
environment, inability to carry out a task safely, and error of judgments, carelessness, apathy or reckless
operations. Unsafe behaviors, which are the results of a poor safety culture, are other significant factors
in the cause of site accidents [13]. In addition, safety is considered as part of Total Quality Management
(TQM); poor safety practices are also accepted as the cause of accidents and subsequent injuries [2].

According to Toole’s [14] study in the USA, the causes of accidents include: unsafe methods or
sequencing; deficient enforcement of safety; lack of proper training; safety equipment not provided;
unsafe site conditions; poor attitude toward safety; not using provided safety equipment; and remote
and deviation from regular behavior. Similarly, in their study, Tam et al. [15] addressed that the main
factors affecting safety performance are reckless operations, lack of training, and poor safety awareness
of supervisors and top management.

Tam et al. [15] represented that trained or skilled workers ensure improvement of the site safety.
However, high mobility of workers on construction sites and frequent move from one construction
site to another makes it difficult to train workers. Dester and Blockley [16] and Zhou et al. [17]
pointed that the poor safety in the construction industry occurs because of poor safety culture rather
than the inherent (nature) hazards of the industry. In addition, Agvu and Olele [18] represented
that poor safety culture cause increased rate of unsafe acts/fatalities in the Nigerian construction
industry. Barofsky and Legro [19] and Folkard and Tucker [20] concluded that fatigue is a versatile
and complex occurrence, including physical, mental and emotional stress and other behavioral points,
all of which require additional examination. The importance of management commitment to safety
and safety regulations, which influence organizational safety performance in a good way, are indicated
by Ismail et al. [21]. In addition, they represented that there is a relationship between safe behavior,
safety rules, and legalization, and management commitment.

Causes of accidents in construction industry are obtained in many ways using variety of ORA
(Occupational Risk Assessment) methods.

In this study, a better and more practical approach is recommended to simplify the risk assessment
process for construction industry. The DEMATEL method is commonly used to obtain a cause–effect
diagram of interdependent factors. This method is superior to conventional techniques due to exposing
the relationships between criteria, ranking the criteria relating to the type of relationships and revealing
intensity of their effects on each criterion. Since a single method is not sufficient to identify occupational
risks under uncertainty and vagueness, there exists a need to apply an integrated approach to solve the
problem considered. Therefore, fuzzy linguistic modeling is utilized to represent and handle flexible
information [22].

Accordingly, the DEMATEL method is used to reveal the effect and cause criteria, and to
increase the model applicability in terms of linguistic variables combined with triangular fuzzy
numbers. As a multi criteria decision making method, DEMATEL contributes to risk assessment
literature a different point of view by providing an evaluation that enables modeling cause and effect
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relationships among the risk factors and exposing the degree of relation or the strength of influence
analytically [23].

The proposed approach presents the following advantages compared to traditional methods
for ORA:

(1) The proposed method illustrates the interrelationships among critical occupational hazards by
constructing causal relationship among construction activities.

(2) Identifying each hazard using triangular fuzzy numbers gives better and more reliable results,
as the uncertainty and vagueness of the data can be managed with a fuzzy approach.

(3) The proposed method offers highly accurate and effective material to support the risk assessment
procedure because occupational hazards can be better ranked and well evaluated to prevent
critical hazards in construction industry.

The remainder of the paper is organized as follows: Section 2 discusses the limitations of
traditional methods for ORA in construction industry and common Multi Criteria Decision Making
(MCDM) methods used for risk assessment under fuzzy environment. Section 3 formally describes
proposed framework steps and applied techniques, and presents the analysis of the proposed approach
for risk assessment on construction sites. Section 4 reports the results of aspects, criteria and data
analysis, which are based on the proposed steps. In addition, a sensitivity analysis has been carried
out to indicate the verification of the results. Finally, Section 5 concludes the paper by summarizing
obtained results and discussing strategic decisions.

2. Literature Review: Risk Analysis on Construction Sites

There is comprehensive literature about occupational risk assessment in the construction industry.
In addition, there are many approaches for risk analysis in construction industry and other operating
facilities [24–27]. In common, the application procedure is presented as follows:

(1) Project managers prepare a corporate safety program, which includes performance standards in
a number of classes, and then they compare these classes due to their importance and propose
a new safety profile [28].

(2) Decision is made about the strengths and weaknesses of a recent safety program using a safety
audit, which is part of the company’s safety program [29].

(3) Injury rate of recurrence, which is the number of lost-time injuries per million hours worked and
assumed as a method of evaluating safety performance, is computed [30,31].

However, many authors [32–37] presented the shortcomings of traditional methods for ORA
because these methods are formed from incomplete information, which is based on uncertainty,
vagueness and imprecision. On the other hand, sources of imprecision usually require data obtained
from expert judgment, which cannot be evaluated easily by traditional (probabilistic) methods [38].
In addition, Pinto et al. [39] investigated traditional methods for occupational risk assessment in the
construction industry pointing out limitations and benefits of using fuzzy sets approaches to cope with
imprecise situations. Thus, several methods have been presented using fuzzy principles for analyzing
risks [40–44].

However, in recent years, numerous studies have been carried out using MCDM methods
to analyze risks in construction industry [45]. Dejus and Antucheviciene [46] proposed MCDM
technique for assessment and selection of appropriate solutions for occupational safety. Furthermore,
in construction industry, Efe et al. [47] suggested an integrated intuitionistic fuzzy multi-criteria
decision making method and a linear programming for risk evaluation in three firms. The paper
aimed to overcome the limitations of traditional Failure Mode and Effects Analysis (FMEA) for risk
evaluation. Tamošaitienė and Zavadskas [41] proposed risk assessment method using the Technique
for Order of Preference by Similarity to Ideal Solution with fuzzy information (TOPSIS-F) method for
project of commercial center. Basahel and Taylan [48] suggested a model that can be used to evaluate
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the most important factors of SMS (safety management system). The significance of these factors
and their sub-factors was obtained using the fuzzy Analytic Hierarchy Process (AHP) technique,
and the effectiveness of the four construction companies’ SMSs was obtained using fuzzy TOPSIS.
Liu and Tsai [49] proposed a fuzzy risk assessment method to decrease or prevent occupational
hazards. The method includes two-stage quality function deployment (QFD) tables to represent the
relationships among construction items, hazard types and causes and a fuzzy Analytic Network Process
(ANP) method to classify important hazard types and hazard causes and Failure Modes and Effect
Analysis (FMEA) to evaluate the risk value of hazard causes based on the fuzzy inference approach.
Janackovic et al. [50] proposed the expert evaluation method and the fuzzy AHP to represent the
factors, performance, and indicators of occupational safety with ranking at a Serbian road construction
company in Serbia. Kim et al. [51] presented a decision support model, which is based on fuzzy AHP,
to quantify the failure risk and to show experts’ and practitioners’ subjectivities. Using results as an
input for fuzzy comprehensive operations, the quantitative failure risks were found. Wu and Shen [52]
suggested an assessment model based on the fuzzy grey relational analysis theory for the factors
influencing highway construction safety. In addition, the construction safety evaluation index system
was built and the weight of each index was found using AHP. Li et al. [53] proposed an improved AHP
Method (IAHP) for risk identification. It was conducted to open-cut subway construction to show
performance of the proposed approach. The application results show that IAHP is predominant to
AHP in terms of comparison matrix (CM) consistency. Yuan et al. [54] improved and employed an
effective method to evaluate safety risks on construction projects using the Fuzzy Analytic Network
Process (FANP). Zamri et al. [55] proposed a Fuzzy TOPSIS (FTOPSIS) with Z-numbers to handle
uncertainty in the construction problems. The proposed approach was used to determine the causes of
workers’ accident at the construction sites.

In addition, Leonavičiūtė and Dėjus [56] introduced a new MCDM method of the Weighted
Aggregated Sum Product Assessment with Grey numbers (WASPAS-G) to determine the best
alternative in safety measures to prevent accidents on construction sites. Mohsen and Fereshteh [57]
used Z numbers to overcome uncertainty in the experts’ judgments for risk assessment in a geothermal
power plant. In addition, they used the fuzzy VIseKriterijumska Optimizacija I Kompromisno Resenje
(VIKOR) technique to rank and prioritize the failure modes based on the minimum individual regret
and the maxi group utility.

The goal of this paper is to depict how Fuzzy DEMATEL can be used as a valuable managerial
tool for managers of construction sites to develop effective precautions strategies to avoid construction
accidents, and to evaluate causal factors of accidents for construction site of buildings.

3. Fuzzy DEMATEL Approach

Although conventional quantification methods present exact solutions, they are not useful to
resolve people-centered problems due to the complexities arising from human factors [58]. Therefore,
the concepts of fuzzy set theory introduced by Zadeh [59] who is commonly used in these types of
real-world problems where there is uncertainty and fuzziness related with the environment. In real
world applications, decision making problems need to be carried out under uncertainty because goals,
constraints and possible actions are ambiguous [58].

DEMATEL method is a well-known and comprehensive method to obtain a structural model that
provides casual relationships between complex real-world factors. The DEMATEL method is superior
to other techniques such as Analytic Hierarchy Process (AHP) since it accounts for the interdependence
among the factors of a system via causal diagram, which is overlooked in traditional techniques [60].
The basis of the DEMATEL method comprises the following steps [58,61]:

(1) In this step, the elements related to the problem and degree of influence between elements is
formed. The influential factors of the complex system are defined based on data from literature
reviews, brainstorming, or expert opinions.
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(2) A direct relation matrix is constructed. Then, a questionnaire survey method is carried out after
the importance of the measurement scales is defined.

0 x12 . . . x1n
x21 0 . . . x2n

...
...

...
...

xn1 xn2 . . . 0

 (1)

(3) A normalized direct relation matrix is built on the basis of direct relation matrix using Equation (2).

λ =
1

max
1≤i≤n

(∑n
j=1 xij)

, i, j = 1, 2, . . . , n (2)

N = λX

(4) The total relation matrix (T) is obtained through Formula (3).

T = lim
k→∞

(N + N2 + . . . + Nk) = N(1− N)−1 (3)

(5) In this step, the sum of the values in each column and each row is calculated in the total relation
matrix. Thus, Di shows the sum of the ith row and Rj shows the sum of the jth column. The direct
and indirect influences between factors are shown with Di and Rj, respectively.

Di =
n

∑
j=1

tij(i = 1, 2, . . . , n) (4)

Ri =
n

∑
i=1

tij(j = 1, 2, . . . , n) (5)

(6) In this stage, cause and effect diagram is built. Horizontal axis (D + R) is made summing R and D,
the vertical axis (D − R) is made subtracting R from D. While (D + R) is defined as “prominence”,
which shows the importance degree of the criterion, (D − R) is defined as “relation”, which
shows the extent of the influence. If the (D − R) is negative, the criterion is grouped into the
effect group. It means that it is influenced by other criteria. If (D − R) is positive, it means that it
has a significant impact. It should be improved first.

In this study, Fuzzy DEMATEL method is used to assess causal relations of accidents for
construction processes. This combination is used for the imprecise and subjective nature of human
judgments. Interval sets are used rather than real numbers in fuzzy set theory. Linguistics terms are
converted to fuzzy numbers. The proposed method is favorable to reveal the relationships among
factors and ranking the criteria related to the type of relationships and the impact of severe degree on
each criterion.

The analysis procedures of Fuzzy DEMATEL method are explained as follows [61,62].

Step 1. Define the evaluation criteria.
Step 2. Select a group of experts who have knowledge and experience about problem to evaluate

the effect between factors using pairwise comparison.
Step 3. Define the fuzzy linguistic scale for dealing with the vagueness of human assessments,

the linguistic variable “influence” is used with a five-level scale containing the following
scale items in the group decision-making proposed by Li [63]: No influence, Very low
influence, Low influence, High influence, and Very high influence. The fuzzy numbers for
these linguistic terms are given in Table 1.
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Step 4. Obtain an initial direct relation matrix with pair wise comparison. Develop the initial
fuzzy direct-relation matrix Zk by having evaluators introduce the fuzzy pair-wise influence
relationships between the components in a n × n matrix where k is the number of experts.
Accordingly, the direct-relation matrix is established as Zk = [zk

ij] where Z is a n × n
non-negative matrix; zij represents the direct impact of factor i on factor j; and, when i = j,
the diagonal elements zij = 0.

For simplicity, denote Zk as
zk

ij = (lij, mij, uij)

Zk =

C1

C2
...

Cn


[0, 0] ⊗zk

12 . . . ⊗zk
1n

⊗zk
21 [0, 0] . . . ⊗zk

2n
...

...
...

...
⊗zk

n1 ⊗zk
n2 . . . [0, 0]

 (6)

Step 5. Obtain the normalized fuzzy direct-relation matrix “D” using Expressions (7) related to the
overall fuzzy direct-relation matrix Z.

D =
Zk

max
1≤i≤n

∑n
j=1 zij

, i, j = 1, 2, . . . , n (7)

Step 6. Compute the total-relation matrix T using Expression (8), where n × n identity matrix is
represented with I. Upper and lower values are calculated separately.

T = D(I − D)−1 (8)

where T = D + D2 + . . .+ =
∞
∑

i=1
Di.

Step 7. Determine row (ri) and column (cj) sums for each row i and column j from the T matrix,
respectively, with following equations.

T = [tij]nxn i, j = 1, 2, . . . n (9)

ri =
n

∑
1≤j≤n

tij ∀i (10)

cj =
n

∑
1≤i≤n

tij ∀j (11)

Step 8. The causal diagram is built with the horizontal axis (ri + cj) and the vertical axis (ri − cj).
The horizontal axis “Prominence” refers the importance degree of the factor, whereas the
vertical axis “Relation” shows the extent of the influence. If the (ri − cj) axis is positive,
the factor is in the cause group. Otherwise, if the (ri − cj) axis is negative, the factor is in the
effect group. Causal diagrams can convert complex relationships of factors into an easy to
understand structural model, providing awareness for problem solving.

Table 1. The fuzzy linguistic scale for the respondents’ evaluations [63].

Linguistic Terms Corresponding Triangular Fuzzy Numbers (TFNs)

No influence (NO) (0, 0, 0.25)
Very low influence (VL) (0, 0.25, 0.5)

Low influence (L) (0.25, 0.5, 0.75)
High influence (H) (0.5, 0.75, 1)

Very high influence (VH) (0.75, 1, 1)



Sustainability 2017, 9, 2083 7 of 19

The Application Procedures of Fuzzy DEMATEL for Construction Sites—Analysis of the Proposed Approach

Based on risk assessment standard process, this study utilizes the Fuzzy DEMATEL approach to
identify risk assessment elements and evaluate comprehensive influence relations for construction
sites. Implementation of Fuzzy DEMATEL approach for critical occupational hazards on construction
sites is introduced as follows (see Figure 1).
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Figure 1. Implementation of a Fuzzy DEMATEL approach.

Step 1. Determine risk factors: In risk identification, 14 safety causal factors related to occupational
hazards were constructed using an extensive literature review and witnesses of evaluators.

Step 2. Before the implementation of this approach, five evaluators, who actively work on
construction sites, evaluated the causal factors of accidents. Evaluators with varying ages
(30–50 years) and career lengths (5–30 years), as an indicator of their level of experience,
were selected. The characteristics of the five decision-making evaluators are given in Table 2.

The evaluators expressed their thoughts relating to their knowledge, experience and expertise.
In this step, significant causal factors of accidents in construction sites and potential occupational
hazards are identified in Table 3. The experience and the knowledge level of the evaluators were
different. However, their understanding of the causes of accidents in construction industry was
adequate to be selected for this study.
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Table 2. The characteristics of the five decision-making evaluators.

Age Education Level Experience (Years) Job Title Job Responsibility

Evaluator 1 35
Bachelor in Civil Engineering and
a getting certificate in occupational

health and safety
>10 Construction manager

directing construction projects, planning site
investigations, conducting feasibility studies,
providing construction safety

Evaluator 2 50
Bachelor in Civil Engineering and
a getting certificate in occupational

health and safety
>25

Construction Manager
and Construction Safety

Expert

directing construction projects, planning site
investigations, conducting feasibility studies,
providing construction safety

Evaluator 3 40
Bachelor in Civil Engineering and

PhD in occupational health
and safety

>15 Construction Safety
Expert

providing a safe working environment for
workers, preparing safety procedures,
training of workers on safety topics.

Evaluator 4 30
Bachelor in Civil Engineering and
a getting certificate in occupational

health and safety
>5 Construction Safety

Expert

providing a safe working environment for
workers, preparing safety procedures,
training of workers on safety topics.

Evaluator 5 30
Bachelor in Civil Engineering and
a getting certificate in occupational

health and safety
>5 Construction Safety

Expert

providing a safe working environment for
workers, preparing safety procedures,
training of workers on safety topics.

Table 3. Significant causal factors of accidents and Potential critical occupational hazards on construction sites.

Code Causal Factors of Accidents Potential Critical Occupational Hazards

T1 Worker actions/behavior
Improper positioning and posture while working, not wearing personal protective equipment
(PPE) provided, falling from height, getting foreign objects into the eye such as during welding,
cutting, grinding, etc.

T2 Worker capabilities (knowledge, skills,
experience)

Exceeding the operator’s lifting capacity, lack of experience of using vehicles bulldozers, diggers,
excavator, etc., lack of experience on operations welding, cutting, etc., cave-ins (while or after
excavation), transport accidents, exposure to fumes, gases, fire and explosions, etc.

T3 The lack of proper communication among
workers or between workers and employees.

Confusion because of the physical distance between workers or high levels of background noise or
poor line of communication among safety officer and employees, heavy equipment accidents,
exposure to electricity, etc.

T4 Worker health/fatigue Unsafe behavior due to fatigue, falls from vehicles (bulldozers, diggers, excavator), transport
accidents on site, loss of balance (while working on the scaffold), etc.
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Table 3. Cont.

Code Causal Factors of Accidents Potential Critical Occupational Hazards

T5 Site conditions
Working at crowded space, poor warning signage, working at high level (expose to high level),
tripping over cables or falling into holes, crushed, jammed or pinched in or between objects,
caught between machinery part, etc.

T6 Work scheduling
Irregular work schedules of workers (extended work hours), bad planning between tasks and
workers, and using the wrong equipment, power tool and machinery accidents, cave-ins (while or
after excavation), etc.

T7 Unsuitability of materials
Not meeting specification requirements of materials, not disposing all surplus and unsuitable
materials; such as brush, grass, weeds, tripped on rubble, exposure to gases, fumes, smoke, fire,
etc.

T8 Unsuitability of equipment
Shortcomings of equipment, including PPE, etc.; inappropriate use of equipment for the tasks such
as carrying, lifting heavy equipment accidents, crushed, jammed or pinched in or between objects,
etc.

T9 Safety culture
Not making safety an integral part of the job, not having pre-qualified of contractors for safety, not
training workers on use of safety equipment, safety expectations, and any safety risks and
precautions relevant to their job duties, falls, tripped on brick on scaffold, struck scaffold, etc.

T10 Construction process Manual handling, exposure to hazardous materials, scaffolding, ground working, struck by
formwork on crane, building/structure collapse, etc.

T11 Shortage of safety management Lack of personal protection equipment, regular safety meetings, and safety training, fall accidents,
struck by lorry platform whilst attaching it, struck by scaffold, etc.

T12 Poor education of laborers, inadequate safety
training

Lack of proper education, not receiving proper safety training and, lack of understanding of the
job, not training on the accident prevention, risk and work hazard identification, reporting
near-miss falls from height, falling objects, unsafe lifting, unsafe carrying, unsafe placing, etc.

T13 Poor safety conscientiousness of laborers
Lack of safety awareness and conscious of construction workers on the job-related safety and
health issues, lack of conscious on the wearing of personal protective equipment, lack of
enforcement of safety regulations, exposure to electricity, caught between machinery parts, etc.

T14 Poor site management
Not providing sufficient PPE and safety equipment of management, lack of education (safety
training and orientation), fall accidents (fall from height and falling objects), crushed by
plasterboard whilst removing from trolley, exposure to high level vibration, etc.
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Step 3. Evaluators used five level scales containing the following scale item factor influence
relationships: Very low, Low, Medium, High, and Very high (see Table 1).

Step 4. The pair wise comparison was made by using linguistics variables. The average linguistic
scores of the evaluator opinions were shown in Table 4. Using the fuzzy scale shown in
Table 1, the initial direct relation matrix was obtained.

Step 5. Using presence of the initial direct relation matrix, the normalized fuzzy direct-relation
matrix “N” was built. The normalized fuzzy direct-relation matrix can be calculated using
Expressions (7) (see Table 5).

Step 6. Total-relation fuzzy matrix was derived, after having obtained normalized direct-relation
fuzzy matrix. This can be obtained by using Expression (8), where it is represented an n × n
identity matrix. Total relation fuzzy matrix was shown in Table 6.

Step 7. The structural model was established. After having built matrix T, ri + cj and ri − cj were
determined. In Expressions (9)–(11), ri and cj are obtained with the sum of the rows and
columns of matrix T. While ri + cj donates the importance of factor I, ri − cj indicates the net
effect of factor i. Results were presented in Table 7.

Step 8. Using Centre of Area (COA) defuzzification technique, ri + cj and ri − cj were defuzzified
and obtained Best Non-fuzzy Performance (BNP) values [64]. In the COA process, the
defuzzified factor of risk is represented by the geometric center of the area limited by the
curve that represents its membership function. Crisp values of ri, cj, ri + cj and ri − cj are
shown in Table 8.

Table 4. Linguistic assessment of the evaluators’ opinion (average).

Code T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14

T1 NO L H VH NO NO NO NO H H H NO NO H
T2 VH NO VH H L VH NO NO H VH L L L L
T3 H NO NO NO L NO NO NO NO H H NO H H
T4 H VH H NO NO L NO NO NO H H NO H H
T5 H VH H H NO L L L L H H NO L L
T6 H L NO H NO NO NO NO NO VH NO L L H
T7 VH L NO VH NO H NO NO L VH H NO H H
T8 VH L NO VH L H NO NO L VH H NO H H
T9 VH L H VH L NO H H NO H VH H VH H

T10 H NO NO H L H H H NO NO L L L H
T11 VH L L VH H H H H VH H NO H VH VH
T12 H L H VH L H H H H VH H NO VH H
T13 H L VH H NO H NO NO H VH VH H NO VH
T14 VH L H VH VH VH VH VH VH H H H VH NO



Sustainability 2017, 9, 2083 11 of 19

Table 5. Normalized initial direct-relation fuzzy matrix.

Code T1 T2 T3 T4 T5 T13 T14

T1 (0.00 0.00 0.02) (0.02 0.04 0.06) (0.04 0.06 0.08) (0.06 0.08 0.08) 0.00 (0.00 0.02) ... (0.00 0.00 0.02) (0.04 0.06 0.08)
T2 (0.00 0.00 0.02) (0.00 0.00 0.02) (0.06 0.08 0.08) (0.04 0.06 0.08) 0.02 (0.04 0.06) ... (0.02 0.04 0.06) (0.02 0.04 0.06)
T3 (0.00 0.00 0.02) (0.00 0.00 0.02) (0.00 0.00 0.02 (0.00 0.00 0.02) 0.02 (0.04 0.06) ... (0.04 0.06 0.08) (0.04 0.06 0.08)
T4 (0.00 0.00 0.02) (0.06 0.08 0.08) (0.04 (0.06 0.08) (0.00 0.00 0.02) 0.00 0.00 0.02) ... (0.04 0.06 0.08) (0.04 0.06 0.08)
T5 (0.00 0.00 0.02) (0.06 0.08 0.08) (0.04 0.06 0.08) (0.04 0.06 0.08) 0.00 0.00 0.02) ... (0.02 0.04 0.06) (0.02 0.04 0.06)
. . . . . .

T13 (0.04 0.06 0.08) (0.02 0.04 0.06) (0.06 0.08 0.08) (0.04 0.06 0.08) (0.00 0.00 0.02) ... (0.00 0.00 0.02) (0.06 0.08 0.08)
T14 (0.06 0.08 0.08) (0.02 0.04 0.06) (0.04 0.06 0.08) (0.06 0.08 0.08) (0.06 0.08 0.08) ... (0.06 0.08 0.08) (0.00 0.00 0.02)

Table 6. Total-relation fuzzy matrix.

Code T1 T2 T3 T4 T5 T13 T14

T1 (0.02 0.18 0.24) (0.03 0.15 0.24) (0.05 0.19 0.24) (0.07 0.26 0.28) (0.01 0.09 0.16) ... (0.02 0.17 0.21) (0.05 0.22 0.28)
T2 (0.08 0.48 0.33) (0.01 0.25 0.33) (0.07 0.38 0.28) (0.06 0.49 0.32) (0.03 0.24 0.22) ... (0.04 0.42 0.28) (0.04 0.42 0.31)
T3 (0.05 0.21 0.27) (0.01 0.09 0.27) (0.01 0.12 0.17) (0.02 0.16 0.21) (0.03 0.12 0.18) ... (0.05 0.20 0.24) (0.05 0.20 0.27)
T4 (0.06 0.26 0.30) (0.06 0.19 0.30) (0.05 0.21 0.25) (0.02 0.21 0.24) (0.01 0.10 0.16) ... (0.05 0.24 0.27) (0.05 0.25 0.30)
T5 (0.06 0.30 0.35) (0.07 0.22 0.35) (0.05 0.23 0.28) (0.06 0.31 0.33) (0.01 0.12 0.19) ... (0.04 0.26 0.29) (0.04 0.26 0.32)
. . . . . .

T13 (0.07 0.58 0.34) (0.03 0.36 0.34) (0.07 0.47 0.28) (0.07 0.61 0.33) (0.01 0.27 0.19) ... (0.02 0.50 0.25) (0.08 0.56 0.34)
T14 (0.10 0.67 0.40) (0.04 0.40 0.40) (0.06 0.50 0.32) (0.10 0.70 0.38) (0.07 0.37 0.27) ... (0.09 0.63 0.35) (0.04 0.55 0.33)

Table 7. Fuzzy values of ri, cj, ri + cj and ri − cj.

Code ri cj ri + cj ri − ci

T1 (0.436, 3.097, 3.076) (0.957, 5.753, 4.635) (1.393, 8.85, 7.712) (−0.521, −2.656, −1.559)
T2 (0.613, 7.058, 3.81) (0.458, 3.487, 4.635) (1.07, 10.545, 8.445) (0.155, 3.571, −0.826)
T3 (0.351, 2.653, 2.913) (0.586, 3.487, 4.635) (0.937, 6.14, 7.549) (−0.235, −0.834, −1.722)
T4 (0.489, 3.52, 3.313) (0.933, 5.998, 4.39) (1.422, 9.518, 7.703) (−0.444, −2.478, −1.077)
T5 (0.57, 4.157, 3.91) (0.341, 2.806, 2.848) (0.911, 6.963, 6.758) (0.228, 1.351, 1.062)
T6 (0.367, 5.535, 2.917) (0.605, 4.316, 3.69) (0.971, 9.851, 6.607) (−0.238, 1.219, −0.773)
T7 (0.577, 4.078, 3.54) (0.374, 3.164, 2.776) (0.951, 7.242, 6.316) (0.202, 0.914, 0.763)
T8 (0.606, 4.272, 3.725) (0.374, 6.137, 2.776) (0.981, 10.409, 6.501) (0.232, −1.865, 0.949)
T9 (0.8, 9.342, 4.362) (0.522, 3.9, 3.344) (1.322, 13.242, 7.707) (0.279, 5.442, 1.018)

T10 (0.489, 6.246, 3.652) (0.95, 6.137, 4.635) (1.439, 12.383, 8.288) (−0.462, 0.109, −0.983)
T11 (0.888, 9.908, 4.59) (0.728, 4.926, 4.206) (1.616, 14.834, 8.796) (0.161, 4.982, 0.384)
T12 (0.816, 5.372, 4.572) (0.35, 26.012, 2.927) (1.166, 31.384, 7.499) (0.466, −20.64, 1.646)
T13 (0.709, 9.015, 3.901) (0.719, 5.275, 4.003) (1.428, 14.289, 7.903) (−0.01, 3.74, −0.102)
T14 (0.988, 10.167, 4.66) (0.801, 5.289, 4.489) (1.789, 15.456, 9.149) (0.187, 4.879, 0.171)
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Table 8. Crisp values of ri, cj, ri + cj and ri − cj.

Code ri cj ri + cj ri − cj

T1 2.20 3.78 5.99 −1.58
T2 3.83 2.86 6.69 0.97
T3 1.97 2.90 4.88 −0.93
T4 2.44 3.77 6.21 −1.33
T5 2.88 2.00 4.88 0.88
T6 2.94 2.87 5.81 0.07
T7 2.73 2.10 4.84 0.63
T8 2.87 3.10 5.96 −0.23
T9 4.83 2.59 7.42 2.25

T10 3.46 3.91 7.37 −0.45
T11 5.13 3.29 8.42 1.84
T12 3.59 9.76 13.35 −6.18
T13 4.54 3.33 7.87 1.21
T14 5.27 3.53 8.80 1.75

The cause–effect diagram was drawn after obtaining horizontal axis (ri + cj) and vertical axis
(ri − cj). While (ri + cj) refers to the strength of influence among criteria, (ri − cj) refers to the influence
relation among criteria. The cause–effect diagram is shown in Figure 2.

Sustainability 2017, 9, x FOR PEER REVIEW  12 of 18 

 

Table 8. Crisp values of ri, cj, ri + cj and ri − cj. 

Code ri cj ri + cj ri − cj

T1 2.20 3.78 5.99 −1.58 
T2 3.83 2.86 6.69 0.97 
T3 1.97 2.90 4.88 −0.93 
T4 2.44 3.77 6.21 −1.33 
T5 2.88 2.00 4.88 0.88 
T6 2.94 2.87 5.81 0.07 
T7 2.73 2.10 4.84 0.63 
T8 2.87 3.10 5.96 −0.23 
T9 4.83 2.59 7.42 2.25 

T10 3.46 3.91 7.37 −0.45 
T11 5.13 3.29 8.42 1.84 
T12 3.59 9.76 13.35 −6.18 
T13 4.54 3.33 7.87 1.21 
T14 5.27 3.53 8.80 1.75 

The cause–effect diagram was drawn after obtaining horizontal axis (ri + cj) and vertical axis (ri 
− cj). While (ri + cj) refers to the strength of influence among criteria, (ri − cj) refers to the influence 
relation among criteria. The cause–effect diagram is shown in Figure 2.  

 
Figure 2. Cause and effect diagram. 

4. Results 

This study combines Fuzzy System Theory and DEMATEL method to develop a systematic risk 
assessment methodology for potential occupational hazards on construction sites. The results are 
summarized based on the causal diagram as follows. The assessment criteria Worker capabilities 
(knowledge, skills) (T2), Site conditions (excluding equipment, weather, materials) (T5), Work 
scheduling (T6), Unsuitability of materials (T7) Safety culture (T9), Shortage of safety management 
(T11), Poor safety conscientiousness of laborers (T13), and Poor site management (T14) are classified 
into the cause criteria group, while effect criteria group includes Worker actions/behavior (T1), 
Communication (T3), Worker health/fatigue (T4), Unsuitability of equipment (T8), Construction 

T1

T2

T3 T4

T5
T6

T7

T8

T9

T10

T11

T12

T13

T14

r i-
c j

ri+cj

Figure 2. Cause and effect diagram.

4. Results

This study combines Fuzzy System Theory and DEMATEL method to develop a systematic risk
assessment methodology for potential occupational hazards on construction sites. The results are
summarized based on the causal diagram as follows. The assessment criteria Worker capabilities
(knowledge, skills) (T2), Site conditions (excluding equipment, weather, materials) (T5), Work
scheduling (T6), Unsuitability of materials (T7) Safety culture (T9), Shortage of safety management
(T11), Poor safety conscientiousness of laborers (T13), and Poor site management (T14) are classified
into the cause criteria group, while effect criteria group includes Worker actions/behavior (T1),
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Communication (T3), Worker health/fatigue (T4), Unsuitability of equipment (T8), Construction
process (T10), and Poor of education of laborers (T12) , which need to be improved. Since cause factors
influence the effect group criteria, they should be the focus. The cause group criteria refer to the
implication of the influencing criteria, while the effect group criteria refer to the implication of the
influenced criteria. Considering the interdependence among factors, much attention should be paid
to the cause group criteria related to their influence on the effect group criteria [65]. Therefore, by
improving cause factors, effect factors are developed simultaneously. Therefore, T9, T11, T14, T12 and
T10 are critical occupational factors of accidents to be considered in construction industry based on
evaluators’ wide experiences and knowledge.

The most significant causal factor of occupational hazards that cause accident is “Safety culture
(T9)” has the highest (ri − cj) value with 2.25, which means (T9) should be given more consideration
on the overall system of critical occupational hazards on construction sites. Besides, Table 7 shows that
influential impact degree of (T9) is 4.83, which is ranked the third highest degree among all causal
factors. In common, (T9) is a main factor that requires more consideration in the construction industry
process. “Shortage of safety management (T11)” has significant impact on other cause group factors
with the second highest (ri − cj) degree. Furthermore, (T11) has the second highest ri value (5.13)
among the causal factors in terms of prominent impact degree. Likewise, “Poor site management
(T14)” is another significant factor because the ri − cj value is in the third place (1.75). Besides, T14 has
the highest ri value (5.27).

If the value of (ri − cj) is negative, such perspective is classified in the effect group (hazards),
and is largely influenced by others. In this study, “Poor education of laborers (T12)” has the highest
(ri + cj) value among the whole process. However, their (ri − cj) values are very high when compared
to other factors in effect group (−6.18). This means that it has a significant impact on the other factors.
However, its (ri + cj) score is the second highest in the other effect group criteria. “Construction process
(T10)” has impact to improve the system as its ri − cj value is very low (−0.45). It is easily affected
by the other factors. “Worker health/fatigue (T4)” has the third highest (ri + cj) in the whole process.
The remaining factors have moderate (ri + cj) values. Their (ri − cj) values are comparatively low,
which point as a strong influenced degree.

Considering the results, managers are able to define regular precautions that must be taken for
critical causal factors of occupational hazards. The precautions against the most critical causal factors
in construction industry are given in Table 9.
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Table 9. The precautions against the most critical causal factors on construction sites.

Code Critical Causal Factors Safety Precautions

T9 Safety culture

• Examine individual and group values,
attitudes, competencies and patterns
of behavior.

• Provide safety knowledge,
worker/co-workers

• Interpersonal skills and appropriate attitudes
and beliefs among workers.

• Establish a robust safe system of work.

T11 Shortage of safety management

• Implement effective emergency management.
• Identify hazard and develop emergency

management procedures.
• Worker participation in managing safety is

important to generate ideas and to build
ownership and responsibility.

T14 Poor site management

• Safety needs to be owned by all workers
(project team, designers, engineers and
operators).

• Raise awareness of hazards and safety
training, hazard recognition and prepare
behavioral-based safety (BBS) programs,
toolbox meetings, etc.

• Overlook safety in the context of heavy
workloads and other priorities.

• Make sure all workers take regular breaks to
reduce the chances of accidents due
to exhaustion.

T12 Poor of education of laborers

• Educate all construction workers and train on
safety at each construction processes.

• Supervise work crews.

T10 Construction process

• Give greater attention to the design and
selection of tools, equipment and materials.

• Provide all workers with high-visibility
apparel including reflective vests.

• Prepare organization’s health and safety
programs to suit the particular hazards in
construction processes.

Sensitivity Analysis of Results

Sensitivity analysis is performed to test the reliability of decisions made by evaluators.
To understand the effects of using various combinations of decision criteria weight (keeping equal
weightings and adjust more weight to any evaluator), sensitivity analysis is conducted [66]. To verify
the results, sensitivity analysis is presented in this study. Initially, equal weights are assigned to
each evaluator (Scenario 1). Then, weights of each evaluator are changed according to their years of
experience and job responsibilities to analyze how much the cause–effect relations vary. Accordingly,
considering that Evaluator 2, Evaluator 3 and Evaluator 1, respectively, faced more occupational
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accidents during their job experiences, their weights are assigned higher than other evaluators.
Scenarios based on evaluator weights are given in Table 10.

Table 10. Different important weights of evaluators in sensitivity analysis.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Evaluator 1 0.2 0.15 0.15 0.2 0.25
Evaluator 2 0.2 0.4 0.4 0.4 0.35
Evaluator 3 0.2 0.3 0.35 0.3 0.3
Evaluator 4 0.2 0.05 0.05 0.05 0.05
Evaluator 5 0.2 0.1 0.05 0.05 0.05

The results of Scenarios 1–5 are presented in Table 11 and Figure 3.
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Table 11. Cause and effect parameters obtained in sensitivity analysis.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

ri + cj ri − cj ri + cj ri − cj ri + cj ri − cj ri + cj ri − cj ri + cj ri − cj

5.99 −1.58 5.83 −1.51 6.19 −1.60 6.03 −1.58 6.02 −1.60
6.69 0.97 6.42 0.83 6.90 1.03 6.69 0.92 6.67 0.89
4.88 −0.93 4.74 −0.95 4.98 −0.98 4.90 −0.97 4.90 −0.97
6.21 −1.33 6.00 −1.27 6.38 −1.37 6.24 −1.33 6.24 −1.34
4.88 0.88 4.82 0.73 5.11 0.77 5.04 0.73 5.08 0.71
5.81 0.07 5.53 0.06 5.97 0.171 5.79 0.069 5.77 0.016
4.84 0.63 4.67 0.63 4.96 0.66 4.86 0.65 4.86 0.65
5.96 −0.23 5.76 −0.16 6.16 −0.23 6.01 −0.20 6.01 −0.19
7.42 2.25 7.01 1.94 7.57 2.15 7.36 2.12 7.34 2.12
7.37 −0.45 7.01 −0.57 7.51 −0.55 7.34 −0.54 7.33 −0.53
8.42 1.84 7.95 1.55 8.55 1.76 8.35 1.71 8.34 1.70

13.35 −6.18 11.79 −4.73 13.23 −5.75 12.72 −5.37 12.63 −5.25
7.87 1.21 7.36 0.89 7.94 1.05 7.76 1.03 7.76 1.04
8.8 1.75 8.39 1.53 9.05 1.77 8.79 1.66 8.75 1.63
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The results show that the ranking of cause and effect factors remain unchanged in all scenarios.
The sensitivity analysis has shown robust and valid results that are close to real preferences of the
consulted evaluators. As a result, the understanding of evaluators about the causes of accidents in
construction industry is adequate for this study.

5. Conclusions

This study aims to improve Fuzzy DEMATEL approach to causal factors of critical occupational
hazards, which are implemented through 14 criteria, for construction industry. Thus, this study
presents a novel occupational risk assessment approach for evaluating critical casual factors of
accidents for construction industry, which can help managers of construction industry to make proper
precautionary strategies for accidents. The proposed method is superior to conventional techniques
because of exposing the relationships between factors and ranking the criteria relating to the type of
relationships and intensity of their effects on each criterion. In addition, by using fuzzy linguistic scale,
imprecise and inaccurate information has been handled. Due to these advantages, DEMATEL is used
to reveal a better knowledge of the influences of the analysis of cause and effect criteria, and to increase
the model applicability. Thus, the proposed method has capability to represent the causal relationship
of criteria and is favorable to handle group decision making in fuzzy environment.

According to the findings, several precautions can be suggested for potential occupational hazards.
Firstly, it can be proposed to concentrate on the cause group criteria because of their influences on
the effect group criteria. Arrangement of cause group criteria are much more difficult than the effect
group criteria.

Moreover, managers should focus on critical causal factors in construction industry, which are
Worker capabilities (knowledge, skills) (T2), Site conditions (excluding equipment, weather, materials)
(T5), Work scheduling (T6), Unsuitability of materials (T7) Safety culture (T9), Shortage of safety
management (T11), Poor safety conscientiousness of laborers (T13), Poor site management (T14).
Worker actions/behavior (T1), Communication (T3), Worker health/fatigue (T4), Unsuitability of
equipment (T8), Construction process (T10), and Poor of education of laborers (T12).

The sensitivity analysis is also introduced to reveal robust and valid results that are close to
real preferences of evaluators. The Fuzzy DEMATEL method is a useful tool and widely used in
all industry sectors to handle problems that need group decision-making in a fuzzy environment.
Therefore, the proposed framework can be enhanced in further studies to test the research findings
presented in this study by applying them to a real construction site. In addition, in future research,
more evaluator opinions can be evaluated.
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56. Leonavičiūtė, G.; Dėjus, T.; Antuchevičienė, J. Analysis and prevention of construction site accidents.
Građevinar 2016. [CrossRef]

57. Mohsen, O.; Fereshteh, N. An extended VIKOR method based on entropy measure for the failure modes risk
assessment – A case study of the geothermal power plant (GPP). Saf. Sci. 2017, 92, 160–172. [CrossRef]

58. Tsai, S.; Chien, M.; Xue, Y.; Li, L.; Jiang, X.; Chen, Q.; Zhou, J.; Wang, L. Using the Fuzzy DEMATEL to
Determine Environmental Performance: A Case of Printed Circuit Board Industry in Taiwan. PLoS ONE
2015, 10, e0129153. [CrossRef] [PubMed]

59. Zadeh, L. Fuzzy Sets. Inf. Control 1965, 8, 338–353. [CrossRef]
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