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Featured Application: Relative importance of multi-participant perception is discussed in
this study to improve safety design efforts in South Korea.
Abstract: For several decades, the number of reported accidents and fatal incidents in the construction
industry has remained high compared to those in other industries. Therefore, many studies have been
conducted in an effort to reduce accidents and fatal incidents in the construction industry. Recently,
construction safety management has shifted from the construction phase to the pre-construction
phase, ultimately to eliminate fatal incidents. In line with this change, South Korea enacted the Design
for Safety (DfS) process in 2016. However, the current DfS process remains not well implemented
for several reasons. Therefore, this study aims to present eight alternatives to improve the DfS
process and suggests DfS improvement priorities by considering construction project participants
and career levels using what is known as a fuzzy-analytical hierarchy process (F-AHP) analysis.
The results of this study are as follows. First, respondents overall suggested improvements in the area
of ‘assignment of responsibility for DfS to the client’ (0.196). Second, improvement priorities were
also identified according to construction project participants and career levels. The results of the study
can be utilized as basic information for DfS improvements during construction projects.
Keywords: Design for Safety; construction safety; Fuzzy-Analytical Hierarchy Process;
Construction project participants

1. Introduction
The construction industry recorded high injury and fatal incident rates over the past few
decades [1–3]. In the construction industry, according to the ‘2019 Analysis of Industrial Accident
Status’ by South Korea’s Ministry of Employment and Labor, the number of victims of industrial
accidents in 2019 was 25,298, which accounted for 26.9% of all industrial accident victims during that
year. In addition, there were 428 fatalities in the construction industry, accounting for 50.1% of all
deaths from all industrial accidents for that year [4].
Many previous studies have been conducted to reduce and eliminate construction accidents
focused on construction safety management in the construction phase. Most of the accidents that occur
in the construction phase, however, can actually be predicted and prevented in the design phase [5,6].
Given the increased awareness of the need for construction safety management in the design phase,
there has been a paradigm shift in construction safety management from the construction phase
to the design phase, whereby all construction project participants, such as the clients, designers,
contractors, and construction managers, are involved in construction safety management from
the design phase [7–9].
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Design for Safety (DfS) is a system that takes into account the safety of construction workers
from the design phase [10]. DfS is designed to discover risk factors in advance from the design
phase and thus to perform risk assessments and establish risk mitigation measures. DfS also refers to
activities that reflect the risk factors in the design documents to reduce and eliminate risks [11–15].
In a similar manner, as the importance of construction safety management in the design phase has been
highlighted, DfS has been introduced worldwide. Examples include Construction Design Management
(CDM) in the UK, DfS in Singapore, Prevention through Design (PtD) in the U.S., and Safe Design in
Australia [11–14]. These efforts seek to reduce construction accidents by properly implementing each
type of DfS [15,16].
In South Korea, the Ministry of Land, Infrastructure, and Transport (MLIT) introduced DfS in
2016, and it is currently in operation [17]. As DfS is still in its infancy in South Korea, however, various
problems have arisen during its implementation. For example, in South Korea DfS is applied only to
certain public construction projects, and it is supposed to be implemented upon 80% completion of
the construction document preparation phase. Therefore, DfS in South Korea has many limitations
owing to the fact that the applicable range of construction projects is relatively narrow compared to
those in other countries [18–23].
The DfS process is implemented in the design phase and is carried out in collaboration with
multiple participants during its application to the construction phase. During this process, however,
participants have different perceptions of DfS problems and the corresponding improvements that
are necessary [6,10,16,21–28]. Therefore, to enhance the effects of DfS, each participant must increase
his awareness of DfS and provide suggestions for improvement priorities [28]. Meanwhile, as the career
level in the construction industry becomes higher, the overall understanding of DfS increases. Therefore,
the DfS problems and needed improvements as perceived by the participants vary depending on
the career level in the construction industry [6,26,27]. For this reason, researchers can conduct
a comparative analysis of perceptions according to career level. Therefore, the present study aims to
draw essential DfS improvement alternatives and suggest factors that should be prioritized through
a questionnaire survey and to determine the relative importance levels of certain improvements of DfS
in South Korea, with the importance levels perceived by a construction project participant and those at
different career levels, then compared using weighting factors, respectively.
2. Literature Review
Numerous studies have been carried out to develop DfS. These include (1) studies that analyzed
the problems of DfS in South Korea or overseas and suggested improvements for its further development,
(2) studies that analyzed problems related to DfS in South Korea or overseas and determined necessary
improvements by considering the perceptions of construction project participants, and (3) studies
that analyzed problems related to DfS in South Korea or overseas and determined the necessary
improvements by considering the perceptions of the several DfS participants in the country.
First, analyses of the problems considering institutional aspects for the development of the DfS
system were carried out in several studies [7,15,16,18,29–35]. Particularly in relation to the DfS in South
Korea, Ahn (2018) compared legislation pertaining to construction safety management in South Korea
and the UK and suggested methods by which to develop South Korea’s construction safety management
systems [30]. In other countries, Toole and Gambatese (2008) suggested how PtD should develop in
the future. In their study, they analyzed the research and suggested a trajectory to improve PtD [15].
Gangolells et al. (2010) proposed a quantitative methodology for evaluating safety performance in
PtD. Their methodology was used to compare and evaluate the safety levels in the design phase [31].
Sadeghi et al. (2015) proposed safety indicators to evaluate safety levels among construction workers
in the design phase. The safety indicators present the safety levels and provide decision makers with
information about safety behaviors [33].
Second, studies sought to analyze problems related to DfS in South Korea or overseas and
to deduce its needed improvements by considering the perception levels by construction project
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participant [6,16,24,25,27]. The following are some case studies in South Korea. Ahn (2006) argued for
a need to change the focus in the safety management of construction works from the contractors to
the clients, and emphasized the need for legal responsibilities [24]. The following, on the other hand,
are some examples of overseas case studies. Ogunde et al. (2014) conducted a questionnaire survey of
60 companies and clients to assess their compliance with Nigeria’s CDM regulations [16]. Hallowell
and Hansen (2016) measured how much the designer’s risk perceptions can be improved through
training and mnemonics. The measurement results showed that the designers’ risk perceptions were
improved by 27% on average [6]. Toole et al. (2017) analyzed if the clients know the concept of PtD and
how they think about it based on a case study of four client companies. The research results provided
13 key factors for the application of PtD [27].
Third, other studies analyzed the problems related to DfS in South Korea or other countries
and deduced the most necessary improvements by considering the perception levels of several DfS
participants [10,19,21,25,28]. The following are some of the case studies in South Korea. Kim et al. (2019)
presented seven problems associated with DfS in South Korea and compared them with those of overseas
DfS cases to suggest improvements [19]. Examples of overseas case studies include the following.
Langar et al. (2016) conducted a questionnaire survey of 69 companies to investigate knowledge and
awareness of PtD in the construction industry. Their research shows that only 8.7% of companies knew
about PtD [25]. Gambatese et al. (2005) investigated the safety management of construction tasks in
the project design process, suggesting a pilot study to determine the practicality of introducing DfS.
Their research also assessed the applicability of DfS considering certain factors, and related impacts,
by interviewing 19 designers and 32 contractors [10]. Tymvios and Gambatese (2016) conducted
a survey to determine if PtD is feasible in the U.S.; they used a questionnaire survey with construction
project clients, designers, builders, and contractors to understand the PtD opinions of these construction
project participants. Their research results showed that designers have the lowest level of understanding
of PtD [28].
Given the implications of the aforementioned previous studies, construction project participants
clearly have a different perspective on DfS, as they have different levels of understanding, responsibility,
and tasks. Therefore, a comparative analysis of the priorities in relation to improving DfS considered
from the standpoints of the construction project participants should be conducted to improve DfS in
South Korea. In addition, the priorities for DfS improvement by career level should be determined.
It is challenging to analyze the perspectives of construction project participants. Accordingly,
questionnaire surveys should be conducted with construction project participants and according
to different career levels [10,28]. Subsequently, using absolute and relative evaluation methods,
the perspective of construction participants can be analyzed from various aspects.
Therefore, in this study, eight alternatives were deduced for improving the DfS process in South
Korea based on an analysis of previous relevant studies, after which the perceptions of improvements
as held by construction project participants and based on different career levels were compared using
weighting factors.
3. Materials and Methods
As shown in Figure 1, this study involves three steps: (1) the definition of DfS improvement
alternatives, (2) the carrying out of a questionnaire survey, and (3) the calculation and analysis of
the weighting factors.
First, based on previous studies related to DfS, eight DfS improvement alternatives for
South Korea were selected and explained. Second, a questionnaire survey was utilized to determine
the respondents’ perceptions of the importance of DfS improvement. The 27 respondents here all
had links to the construction industry. They consisted of five clients, five designers, eight contractors,
four construction managers, and five researchers. Nine respondents had less than ten years of experience
with DfS, and 18 had more than ten years of experience. This study identified the perspective of
construction participants, as mentioned above, using the concepts of absolute importance and relative
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importance. An Analytical Hierarchy Process (AHP) is one of the most common methodologies to
identify the relative importance. AHP does not rely on the criteria of the respondents. Through
a consistency ratio, the reliability of AHP is evaluated. Therefore, in previous studies with 15, 16,
and 19 respondents,
was
possible
Appl. Sci. 2020, 10,it
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As shown in Table 1, relevant studies, reports, and laws were considered before suggesting
the following eight DfS improvement alternatives: (i) the application of extended coverage,
(ii) adjustment of the application phase, (iii) application of the design alternatives, (iv) the development
of a collaboration program, (v) the development of a training program for experts, (vi) involvement of
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the contractor in the pre-construction phase, (vii) the development of a decision support system, and
(viii) the assignment of responsibility for DfS to the client.
Table 1. Definitions of the Design for Safety (DfS) improvement alternatives.
Code

Alternative

Reference

C01
C02
C03
C04
C05

Application of extended coverage
Adjustment of the application phase
Application of the design alternative
Development of a collaboration program
Development of a training program for experts
Involvement of the contractor in the
pre-construction phase
Development of a decision support system
Assignment of responsibility for DfS to the client

[11]; [12]; [13]; [14]; [17]; [20]; [27]; [28]; [30]
[15]; [17]; [30]; [31]
[5]; [11]; [13]; [14]; [17]
[17]; [19]; [27]; [35]
[6]; [11]; [14]; [17]; [27]

C06
C07
C08

[6]; [15]; [17]; [27]; [28]
[12]; [31]; [33]; [35]; [39]; [40]
[11]; [17]; [24]; [28]; [29]; [40]

Explanations of the DfS Improvement Alternatives
(i) Application of extended coverage: In South Korea, DfS is applied only to public construction
projects that exceed a specific size (e.g., buildings with more than ten stories, buildings with excavations
exceeding 10 m) [17]. In addition, in South Korea, the number of private construction projects is more
than three times the number of public construction projects [19]. Thus, the number of DfS-eligible
construction projects in South Korea is very small compared to the size of the overall construction
industry in the country.
On the other hand, CDM in the UK can be applied to construction projects with a construction
period of 30 days or more or with more than 20 construction workers, as well as to those with more
than 500 construction workers per day [11]. In addition, Safe Design in Australia is applied to all
construction projects worth over AUD $250,000 [13], and DfS in Singapore is applied to all construction
projects worth over SGD $100,000 [14]. As such, overseas DfS is applied to all construction projects
regardless of whether they are public or private [30]. In addition, PtD in the U.S. is a national strategy
that has not been legislated, unlike in other countries, and its application to construction projects
is simply a recommendation and not a requirement. The U.S., however, is attempting to induce
the application of PtD by providing extra points for LEED certification to those cases where PtD is
implemented [12].
(ii) Adjustment of the application phase: DfS in South Korea is supposed to be implemented upon
80% completion of the construction document preparation phase [17], when most of the design outputs
have been completed. In this case, however, even if a situation where a design change is required
through the DfS process occurs, there is no institutional basis for additional costs and design period
extensions. Therefore, it is not easy for construction project clients and designers proactively to suggest
design alternatives and reflect these in the construction document. With the application of DfS, a design
change requires more collaboration, additional processes, and incurs more costs as the construction life
cycle progresses [28,32]. According to the MacLeamy curve, the impact of a change in the construction
project decreases gradually from the design phase to the construction and operating and maintenance
phases. Conversely, the cost required for the implementation of a change in the construction project
increases as the operating and maintenance phases approach [41]. Therefore, DfS is more effective
when implemented in the conceptual phase, which is the initial design stage. In addition, it is advisable
to implement DfS upon 10, 30, 60, and 90% completion of the design phase [27,33].
(iii) Application of design alternatives: According to DfS-related laws in South Korea,
the implementation of DfS is mandatory in public construction projects, but there is no obligation
to apply design alternatives [17]. Therefore, even if the design changes due to the presence of risk
factors, such a change may not be applied depending on the contractor’s decision. On the other hand,
the most important part of CDM in the U.S. is the application of the designer’s design alternative
and its delivery to the construction project participants [5,11]. In other words, it is most important
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to change the design in light of the design alternative and thus to remove or reduce the risks during
the construction phase. Even with DfS in Singapore and Safe Design in Australia, discovering and
applying risk factors found in the design phase to a design alternative is required [13,14].
(iv) Development of a collaboration program: DfS in South Korea requires that upon 80%
completion of the construction document, the designer must create a proposed design alternative
through the DfS process and submit it to the client. Then, if and when the client approves it, it is
delivered to the contractor. The contractor, in turn, creates a safety management plan including
the design alternative for the construction phase [17]. Thus, the design alternative proposed through
DfS is created solely by the designer, and no collaboration is done among the construction project
participants [19].
The designer, however, lacks knowledge about the site conditions, construction methods,
construction periods, and safety management issues [35]. This notwithstanding, the designer creates
a design alternative and the client examines it to determine its adequacy. Thus, it may happen that
the contractor will find it difficult to apply the design alternative. Toole et al. (2017) presented
results of interviews with designers and other construction project participants. It was established
that collaboration among the designers and other construction project participants is key to DfS in
the design phase [27].
(v) Development of a training program for experts: DfS was introduced in South Korea only recently.
Accordingly, designers still lack knowledge about it and about safety management [17]. In previous
relevant studies, designers recognized only 50% of all construction hazards in the construction
phase [6]. For this reason, it is not desirable to apply the DfS component created by the designer
in the construction phase. Therefore, to implement DfS effectively, it is experts with professional
knowledge who should implement the DfS process considering the site conditions, construction
methods, and safety management principles [27]. In South Korea, however, an expert is elected only
when the client determines that an expert is needed. In addition, there is no separate standard for
experts [17].
Meanwhile, as the need for DfS experts increases, CDM 2015 in the UK seeks to replace the existing
coordinator with a principal designer and to strengthen the responsibility of this person as a DfS
expert [11]. In Singapore, only experts with a Registered Professional Engineer/Registered Architect
certificate or more than ten years of experience in design work become DfS professionals after
completing a specialized training course [14].
(vi) Involvement of the contractor in the pre-construction phase: As mentioned earlier,
to implement the DfS process efficiently, collaboration among the construction project participants is
important. In particular, as the construction method varies depending on the building time and site
conditions of the construction project, construction methods suitable for the site conditions should
be considered in the design phase. Therefore, it is very important for a contractor who has extensive
knowledge of construction methods to participate in the early stages of the design phase [15].
In conventional design-bid-build projects, however, the contractor cannot participate in the design
phase because the design is completed before the contractor is selected [27,28]. For the contractor
to participate in the design phase, a construction project delivery method in which the design and
construction start at the same time or the construction starts during the design process is required.
In this regard, an integrated construction project delivery method that uses a collaborative design and
construction approach is effective for the contractor to be able to participate in the design phase [6].
In South Korea, however, it is stipulated that DfS is applicable only to design-bid-build construction
projects [17]. In addition, because construction project contracts other than the design-bid-build types
are rarely concluded even for construction projects where there is no obligation to apply DfS, it is
difficult for the contractor to participate in the design phase.
(vii) Development of a decision support system: When DfS is applied, it is not easy for the designer,
who lacks knowledge about construction methods, to predict accidents that may occur during
the construction phase [39]. As such, DfS has a higher degree of operation difficulty. Therefore,
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a decision support system is needed to provide the designer with the information required for
the implementation of DfS [31,33,35,40]. In South Korea, the Korea Infrastructure Safety Corporation
provides approximately 450 checklists through a risk factor profile, but this is not sufficient to help
with the actual implementation of DfS. On the other hand, PtD in the U.S. provides designers with
various decision support systems, such as SliDeRulE, SCSH, PtD list, and DfS Toolbox, to supplement
insufficient PtD information [12].
(viii) Assignment of responsibility for DfS to the client: According to the Design for Safety Business
Manual, the construction project client is involved in the entire DfS process, from providing the designer
with construction-project-related information to reviewing and approving design alternatives when
implementing DfS [17]. As the client is involved in the entire construction process, the client can have
a profound impact on the construction safety. If the client actively participates in construction safety
management, the number of accidents at the construction site decreases [42]. Traditionally, however,
the client does not play a substantial role in the construction phase but delegates the client’s role
to the construction manager [28]. It was found that in South Korea, although the client recognizes
the client’s role as a client at the construction site, the client does not have an interest in construction
safety management. This situation arises because in DfS in South Korea, there are no separate laws
pertaining to the responsibilities of construction project clients [24,29].
In an increasing number of lawsuits related to construction accidents, it is established that the client
has greater responsibility for construction accidents. As such, the responsibility of construction project
clients for construction accidents has become more important worldwide [28]. In line with this trend,
CDM 2015 in the UK has strengthened the responsibilities of construction project clients with regard to
construction accidents [11,29].
3.2. Conduct of the Questionnaire Survey
As mentioned earlier, the questionnaire survey in this study was conducted among 27 respondents
related to the construction industry (five clients, five designers, eight contractors, four construction
managers, and five researchers). Information about these respondents is summarized in Table 2. As in
South Korea DfS is applied only to public construction projects, a questionnaire survey was conducted
on construction project clients working at public institutions. The respondents here were between 20
and 50, with 11 of 27 respondents in their 40s. In terms of career levels, nine respondents had less
than ten years of experience, and 18 respondents had more than 10 years of experience. In this study,
the career level was investigated on a ten-year basis because in South Korea, experience of at least ten
years is required to become a person in charge of a construction project. In addition, a DfS professional
in Singapore should have had more than 10 years of design experience [14,20].
Table 2. Information on the questionnaire survey respondents.
Information on the Questionnaire Survey Respondents
Age
Career level
Construction project
participant

20 years
2 (7.41%)

30 years
9 (33.33%)

40 years
11 (40.74%)

Experienced under 10 years
9 (33.33%)
Client
5 (18.52%)

Designer
5 (22.22%)

50 years
5 (18.52%)

Experienced over 10 years
18 (66.67%)
Contractor
8 (29.63%)

Construction manager
4 (11.11%)

Researcher
5 (18.52%)

The questionnaire survey used in this study was divided into two sections. The first section
consisted of items for identifying the absolute importance of the eight aforementioned DfS improvement
alternatives. The importance of each of the eight DfS improvement alternatives was evaluated using
a five-point Likert scale (1 point: not important; 2 points: less important; 3 points: neutral; 4 points:
important; 5 points: very important) [21,43]. Cronbach’s alpha was utilized for consistency and
reliability of the questionnaire survey. The Cronbach’s alpha result for the questionnaire survey
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was 0.857. Thus, the questionnaire survey was shown to be feasible for use in terms of consistency
and reliability [44]. The second section of the questionnaire survey consisted of items for examining
the relative priority levels of the eight DfS improvement alternatives as perceived by the respondents
overall and the construction project participants, and based on the career level. It consisted of pairwise
comparison questions in relation to the F-AHP analysis, for which a nine-point Likert scale (1 point:
equal importance; 3 points: moderate importance of one over another; 5 points: strong importance of
one over another; 7 points: very strong importance of one over another; 9 points: extreme importance
of one over another; 2, 4, 6, and 8 points: intermediate values; reciprocals: reciprocals for inverse
comparison) was utilized [45]. Based on the results of the questionnaire survey, the F-AHP analysis
was conducted in three steps: (1) from the overall respondents’ perspective, (2) from the construction
project participants’ perspectives, and (3) by career level.
3.2.1. Degrees of Importance of the Eight DfS Improvement Alternatives
As mentioned earlier, a questionnaire survey was conducted in this study to identify the absolute
importance of the eight DfS improvement alternatives defined in the chapter entitled “Definition of
the DfS Improvement Alternatives” using a five-point Likert scale. The results of the questionnaire
survey are presented in Table 3, in the order of ‘Assignment of responsibility for DfS to the client’
(AVG 3.926; STD 0.90), ‘Involvement of the contractor in the pre-construction phase’ (AVG 3.926; STD
1.02), ‘Development of a collaboration program’ (AVG 3.852; STD 0.93), ‘Adjustment of the application
phase’ (AVG 3.852; STD 0.76), ‘Development of a training program for experts’ (AVG 3.704; STD 0.94),
‘Application of a design alternative’ (AVG 3.630; STD 0.91), ‘Development of a decision support system’
(AVG 3.630; STD 0.95), and ‘Application of extended coverage’ (AVG 3.407; STD 0.91). The respondents
showed a rising level of awareness of these eight DfS improvement alternatives, with an average of
three or more points (3.63–3.93).
Table 3. Investigation of the DfS improvement alternatives.
Questionnaire for the Investigation of the DFS Improvement Alternatives

Application of extended coverage

Adjustment of the application phase

Application of the design alternative

Development of a collaboration program

Development of a training program for experts
Involvement of the contractor in the
pre-construction phase
Development of a decision support system

Assignment of responsibility for DfS to the client

Not
Important
(1 Point)

Less
Important
(2 Points)

Neutral
(3 Points)

Important
(4 Points)

0(0%)

5(18.52%)

9(33.33%)

10(37.04%)

AVG

3.407

STD

0(0%)

1(3.70%)

7(25.93%)

AVG

3.852

STD

1(3.70%)

1(3.70%)

9(33.33%)

AVG

3.630

STD

0(0%)

3(11.11%)

5(18.52%)

AVG

3.852

STD

0(0%)

4(14.81%)

5(18.52%)

AVG

3.704

STD

0(0%)

3(11.11%)

6(22.22%)

AVG

3.926

STD

0(0%)

3(11.11%)

8(29.63%)

AVG

3.667

STD

0(0%)

2(7.41%)

6(22.22%)

AVG

3.926

STD

Very
Important
(5 Points)
3(11.11%)
0.93

14(51.85%)

5(18.52%)
0.77

12(44.44%)

4(14.81%)
0.93

12(44.44%)

7(25.93%)
0.95

13(48.15%)

5(18.52%)
0.95

8(29.63%)

10(37.04%)
1.04

11(40.74%)

5(18.52%)
0.92

11(40.74%)

8(29.63%)
0.92

3.2.2. Validation of the Eight DfS Alternatives and Construction Participants
The independence analysis is conducted using SPSS 18. An analysis of variance (ANOVA) and
a t-test are utilized to identify the validity among the eight DfS alternatives, five construction project
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participants, and two career levels. First, ANOVA conducts a comparison of more than two populations
and the t-test conducts a comparison of two populations. Thus, the eight DfS alternatives and five
construction project participants are analyzed by the ANOVA and the two career levels are analyzed
by a t-test. The hypotheses of the ANOVA and t-test are as follows. H0 (null hypothesis) states that
all groups’ means are identical, while H1 (alternative hypothesis) posits a difference in at least one
group’s mean. Therefore, through the ANOVA and the t-test, validation can be ascertained [46–51].
Table 4 shows the results of the ANOVA and the t-test.
Table 4. Result of the independent analysis.
Levene’s Test for the Equality of Variances
Criteria

Welch’s Test

Independent Variable
F

df

Sig.

Statistic

df

Sig.

Eight
DfS
alternatives

2.87

7

0.006

3.79

7

0.001

Five
construction
project
participants

12.58

4

0.000

49.10

4

0.000

Two
career
levels

Levene's test for
the equality of
variances
F
8.977

T-test for Equality of Means

Sig.

0.003

t

−1.67

df
214

Sig.
2-tailed
0.097

Mean
Difference
−2.22

Std. Error
Difference
0.13

95% Confidence Interval of
the Difference
lower

upper

−0.49

0.04

Prior to the ANOVA and t-test, Levene’s test was used to analyze the equality of variances.
Because the result of the p-value was 0.000, equality of the variances cannot be assumed. Thus, Welch’s
test of a variance analysis was carried out instead of a one-way ANOVA [52]. The result of Welch’s test
indicates that the p-value is lower than 0.05; therefore, the eight DfS alternatives and five construction
project participants are valid. The results of the t-test indicated that the p-value is 0.068 (p-value < 0.01).
Thus, the two career levels are validated.
3.3. Calculation and Analysis of the Weighting Factors
3.3.1. Explanation of F-AHP
AHP was developed by Saaty in 1980 [53]. It is a methodology that stratifies decision-making
problems (e.g., goal-criteria alternatives) and systematically evaluates the relative importance of
various alternatives through a pairwise comparison of the elements of a hierarchy. In addition, it can
measure the consistency of results on importance through what is termed the consistency ratio (CR).
Here, the AHP analysis proceeds as follows: (i) the decision-making problems are stratified into goals,
criteria, and alternatives; (ii) a pairwise comparison of the decision-making elements is conducted
at a given level of the hierarchy, with the pairwise comparison matrix calculated using Equation (1);
(iii) the pairwise comparison matrix is converted into a normalized matrix calculated using Equation
(2), and the average value of each row of the normalized matrix is calculated to derive a weighting
factor; and (iv) to prove the effectiveness of the weighting factor, the CR calculated using Equation (4)
is presented using the consistency index (CI) calculated using Equation (3) and the random index (RI)
presented in Table 5 [53–55].
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Table 5. Random Index for the calculation of consistency ratio (CR).
n(1)
RI(2)
(1)

1

2

3

4

0.00

0.00

0.58

0.90

n: n is the number of alternatives;

(2)

5

6

7

8

9

10

1.12

1.24

1.32

1.41

1.45

1.49

RI is the random index as defined by Saaty

Here, matrix A is the comparison matrix, aij is the j-th alternative at the i-th alternative, and n is
the number of alternatives.
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In this equation, matrix P is the normalized matrix and Pij is aij divided by the sum of the aij columns.
CI = (λmax − n)/(n − 1)

(3)

Here, λmax is the maximum Eigen value of the comparison matrix,
CR = CI/RI,

(4)

where CR is the consistency ratio of the respondents and RI is the random index.
AHP can analyze differences in opinions between the respondent groups because it can establish
a plan by reflecting the perceptions of all construction participants. However, the traditional AHP
cannot easily reflect the opinions of respondents precisely because with uncertainty of information,
it is difficult to provide an exact numerical point for a perception [56–58]. Accordingly, to overcome
this problem, fuzzy AHP (F-AHP) is utilized in this study. The triangular fuzzy value for a pair-wise
comparison can take the features of the interval perception and the most likely values. F-AHP utilizes
the following equations. First, the judgement matrix Fn×n , which is the ratio of the interval values,
is calculated by Equation (5). Second, the value of the fuzzy synthetic extent about the ith object (Pi) is
calculated by Equation (6). Third, the possibility degree µ(d) can be expressed by Equation (7). Forth,
the weighting vector of F-AHP can be expressed by Equation (8) [56].

 1

 .
F =  ..


Pn1

···
..
.
···

P1n
..
.
1









(5)

Here, P1n is the ratio of the interval value for the first factor and the interval value for the n-th
factor, and Pn1 is the inverse of P1n .
−1

n X
n
X

j 


Pi = Si ⊗ 
P f i 
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(6)

In this equation, Pi is the fuzzy synthetic extent to the i-th object, Pj fi is the fuzzy synthetic extent
of the j-th factor to the i-th object in matrix Fn×n with triangular fuzzy numbers, and Si is the sum of
the triangular numbers.
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Here, µ(d) is the possibility degree, l is the smallest triangular value, m is the most likely value of
the triangular value, and u is the greatest triangular value,


w = µ(d1 )0 , µ(d2 )0 , · · · µ(dn )0 ,

(8)

where w is the weighting factor.
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Table 6. Results of the absolute importance of the DfS improvement alternatives.
Overall

Client

Designer

Contractor

Construction
Manager

Researcher

Experienced
under 10 Years

Experienced
over 10 Years

3.407
3.852
3.630
3.852
3.704

2.400
2.800
3.000
3.400
3.200

3.400
3.800
3.800
3.800
3.200

3.750
4.125
4.125
4.250
3.625

3.333
3.667
3.000
2.667
3.333

4.000
4.200
3.400
4.000
4.400

3.000
3.889
3.556
3.556
3.444

3.611
3.833
3.667
4.000
3.833

Application of extended coverage
Adjustment of the application phase
Application of the design alternative
Development of a collaboration program
Development of a training program for experts
Involvement of the contractor in
the pre-construction phase
Development of a decision support system
Assignment of responsibility for DfS to the client

3.926

2.800

3.400

4.750

3.667

4.200

3.556

4.111

3.667
3.926

2.800
3.000

3.800
4.200

3.625
3.875

3.667
3.667

4.000
4.600

4.111
3.667

3.444
4.056

AVG

3.745

2.925

3.675

4.016

3.375

4.100

3.597

3.819
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4.2. Relative Importance of the DfS Improvemeent Altenatives from the Overall Respondents’ Perspectives
To identify the top priority among the eight aforementioned DfS improvement alternatives,
the relative importance of each of the alternatives as perceived by the 27 respondents was analyzed
using F-AHP. A comparative analysis of the relative importance of each of the alternatives as perceived
by the construction project participants and based on the career level was performed using F-AHP.
It was found that all CRs were less than 0.1, which provides evidence of the consistency of the responses.
The results of the F-AHP analysis are presented in Figure 4 and Table 7.
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Table 7. Results of the F-AHP analysis of the importance of the DfS improvement alternatives.
Overall

Client

Designer

Contractor

Construction
Manager

Researcher

Less than 10
Years
Experience

More than 10
Years
Experience

0.089 (8)
0.094 (6)
0.109 (5)
0.090 (7)
0.132 (4)

0.160 (1)
0.110 (6)
0.127 (4)
0.087 (8)
0.116(5)

0.121 (4)
0.107 (6)
0.147 (2)
0.081 (8)
0.117 (5)

0.047 (8)
0.077 (7)
0.126 (4)
0.117 (5)
0.104 (6)

0.065 (7)
0.044 (8)
0.077 (5)
0.070 (6)
0.140 (3)

0.101 (5)
0.134 (4)
0.056 (7)
0.064 (6)
0.178 (2)

0.117 (6)
0.095 (7)
0.126 (5)
0.083 (8)
0.133 (3)

0.077 (8)
0.092 (7)
0.100 (5)
0.092 (6)
0.129 (3)

Application of extended coverage
Adjustment of the application phase
Application of the design alternative
Development of a collaboration program
Development of a training program for experts
Involvement of the contractor in the
pre-construction phase
Development of a decision support system
Assignment of responsibility for DfS to the client

0.152 (2)

0.110(6)

0.097 (7)

0.149 (3)

0.250 (1)

0.173 (3)

0.139 (2)

0.156 (2)

0.137 (3)
0.196 (1)

0.138 (3)
0.150 (2)

0.144 (3)
0.186 (1)

0.215 (1)
0.164 (2)

0.129 (4)
0.225 (2)

0.049 (8)
0.245 (1)

0.178 (1)
0.129 (4)

0.117 (4)
0.237 (1)

CR

0.008

0.090

0.048

0.047

0.066

0.079

0.026

0.015

*

Remarks
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4.3. Relative Importance of DfS Improvement Alternatives from the Construction Project Participants’
Perspective
4.3.1. Relative Importance of DfS Improvement Alternatives from the Construction Project
Client’s Perspective
As shown in the construction project client graph in Figure 4, the clients accorded greater
importance to the ‘Application of extended coverage’ (0.160) compared to all other respondents.
As mentioned earlier, the application of DfS can reduce the number of accidents at construction
sites. In South Korea, however, DfS is supposed to be implemented only in public construction
projects. Therefore, the client who is responsible for construction safety management seeks to expand
the application range of DfS and reduce the number of deaths when delivering the construction
project. In addition, the clients accorded less importance to the ‘Assignment of responsibility for DfS to
the client’ (0.138) compared to all other respondents. This suggests that the client who is responsible
for the safety of the construction project is not enthusiastic about the strengthening of his responsibility
for DfS. This finding is consistent with the result of the study carried out by Langar et al. (2016) [25].
4.3.2. Relative Importance of DfS Improvement Alternatives from the Construction Project
Designer’s Perspective
The designer graph in Figure 4 shows that the result of the designers’ perception of the relative
importance of the DfS improvement alternatives was similar to the result of all respondents’ perceptions
of the same. The designers, however, accorded greater importance to the ‘Application of a design
alternative’ (0.147) compared to all other respondents. The designers think highly of the application
of a design alternative because in South Korea, it is the contractor who selects design alternatives in
the construction phase. Therefore, it is judged that as the designer wants to reflect the design alternative
in the construction phase, thinking that the application of a design alternative is more important than
the other alternatives. In contrast, the designer respondents considered ‘Involvement of the contractor
in the pre-construction phase’ (0.097) as less important compared to all other respondents. This suggests
that because conflicts may arise between the designer and the contractor due to a difference in opinion
between them regarding the design progress in the design phase, the designer places less importance
on ‘Involvement of the contractor in the pre-construction phase’.
4.3.3. Relative Importance of DfS Improvement Alternatives from the Construction Project
Contractors’ Perspective
The contractor graph in Figure 4 shows that the priorities of the contractor respondents in
this study with regard to the DfS improvement alternatives were generally similar to those of all
other respondents. Unlike all other respondents, however, the contractor respondents placed relative
importance on the ‘Development of a decision support system’ (0.215). This may stem from the fact
that the contractors may end up applying a DfS improvement alternative that is not suitable for the site
conditions. Therefore, if the designer suggests a DfS improvement alternative considering the site
conditions in the design phase through the decision support system, the contractor will be able to
apply a suitable DfS improvement alternative in the field. In addition, the contractors accorded greater
importance to the ‘Development of a collaboration program’ (0.117) compared to all other respondents.
As mentioned earlier, in South Korea the contractor cannot participate in the design phase because
DfS is implemented only in conventional design-bid-build projects. For this reason, the contractor
respondents recognized the need for the development of a collaboration program. Meanwhile,
the contractors placed less importance on the ‘Application of extended coverage’ (0.047) compared to
all other respondents because coming up with a DfS improvement alternative is not a prerequisite,
and the commencement of construction may be delayed due to the extension of the design period.
The numbers within parentheses are the ranks of the alternatives, the numbers shaded in grey
are the highest ranked criteria, the boldface and italicized numbers are weighting factors that exceed
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0.20, the boldface numbers are the weighting factors that exceed 0.15, and the italicized numbers are
the weighting factors that exceed 0.10.
4.3.4. Relative Importance of DfS Improvement Alternatives from the Construction Project
Construction Managers’ Perspective
The construction manager graph in Figure 4 shows that the construction manager respondents in
this study accorded greater importance to ‘Involvement of the contractor in the pre-construction phase’
(0.250) compared to all other respondents, possibly because the construction manager is responsible
for the management of the construction site as an agent of the client, and this person investigates if
the contractor has taken the risk mitigation measures established in the design phase. If the contractor
participates in the implementation of DfS in the pre-construction phase, the contractor discovers the risk
factors and establishes risk mitigation measures along with the designer. As such, the contractor
is expected to have a better understanding of DfS improvement alternatives and implement them
faithfully. On the other hand, the construction manager respondents in this study place less importance
on the ‘Adjustment of the application phase’ (0.044), likely because the construction manager takes
responsibility for construction management in the construction phase on behalf of the client and thus
has no relevance to DfS in the design phase.
4.3.5. Relative Importance of DfS Improvement Alternatives from the Construction Project
Researchers’ Perspective
As shown in the researcher graph in Figure 4, the results of the researchers’ priorities in terms
of the DfS improvement alternatives are extremely biased, unlike those in the graphs of all other
respondents, which show relatively little variation in the importance accorded to each of the alternatives.
The researchers considered the following three DfS improvement alternatives as very important:
‘Assignment of responsibility for DfS to the client’ (0.245), ‘Development of a training program for
experts’ (0.178), and ‘Adjustment of the application phase’ (0.134). Unlike the other construction
project participants, who implement DfS directly, researchers perform various studies to improve
the DfS process [15,27,42]. With respect to the safety of the construction project, the number of
industrial accidents at construction sites decreases when the construction project client takes an active
role in construction safety management [42]. Therefore, the researchers perceived the assignment of
responsibility for DfS to the client related to construction safety management as the most important DfS
improvement alternative. In addition, the researchers placed more importance on the ‘Development of
a training program for experts’ compared to all other respondents in this study, perhaps because DfS
experts in South Korea are not regulated and the researcher respondents felt that a training program
for experts must be developed for the effective implementation of the DfS process in South Korea.
4.4. Relative Importance of the DfS Improvement Alternatives from the Career Level Perspective
4.4.1. Relative Importance of the DfS Improvement Alternatives from the Perspective of
the Respondents with Experienced under 10 years
The graph of the respondents with less than ten years of experience in Figure 4 shows that
the respondents with less than ten years of experience considered the DfS improvement alternatives
equally important, without significant variations in their relative importance values. This may
have occurred because they lack an overall understanding of the DfS process and knowledge of
the improvements that need to be made to it due to their relatively short careers. In the same vein,
they placed relative importance on the ‘Development of a decision support system’ (0.178), perhaps
due to their lack of knowledge about the DfS process. On the other hand, they assigned less importance
to the ‘Assignment of responsibility for DfS to the client’ (0.129).

Appl. Sci. 2020, 10, 4550

18 of 22

4.4.2. Relative Importance of the DfS Improvement Alternatives from the Perspective of
the Respondents with Experienced over 10 years
As shown in the graph of the respondents with more than ten years of experience in Figure 4,
such respondents showed results similar to those of all other respondents. In particular, those with
more than ten years of experience considered the ‘Assignment of responsibility for DfS to the client’ as
relatively important (0.237) because they felt that the clients lack a sense of responsibility for safety
management. As those with a wealth of experience also have great knowledge of construction safety
in relation to the DfS process, they recognized that the ‘Development of a decision support system’
(0.117) is less important compared to all other respondents.
4.5. Discussion
In this paper, the absolute importance and relative importance of eight DfS alternatives were
examined. The analysis showed that the importance of the ‘Assignment of responsibility for DfS to
the client’ among the eight alternatives was most important in terms of the absolute importance and
relative importance. In particular, in the results of the relative importance for construction project
participants, the ‘Assignment of responsibility for DfS to the client’ was highly ranked in terms of
importance among all participants. Based on this, it is clear that the client’s role is most important
when implementing DfS. During the implementation of DfS, the issue on the responsibility of client is
important not only in South Korea but also in other countries [17,24,28,29,42].
As mentioned earlier, if the client is involved in the entire construction process, the client will
have a profound impact on the level of construction safety. If the client actively participates in
construction safety management, the number of accidents at construction sites will decrease. Unlike
other participants who participate in the DfS process at each stage, the client can efficiently manage
the DfS process because client is involved in all processes of the DfS. Thus far, however, the client
has had no legal responsibility to engage in such activities, and South Korea has had difficulty in
implementing DfS. Hence, by giving clients the responsibility to manage the DfS process efficiently,
South Korea will be able to implement DfS efficiently and ultimately reduce the number of accidents in
the construction industry. Therefore, most important in order to improve DfS is to assign responsibility
of the client. New legislation should be enacted to give responsibility to such clients in South Korea.
5. Conclusions
To realize safe construction projects, fatal incidents should ultimately be eliminated. To do
this effectively, construction safety management should be taken into account in the design phase
instead of the construction phase. Therefore, this study presented eight Design for Safety (DfS)
alternatives for improving DfS in South Korea, and a questionnaire survey and fuzzy analytical
hierarchy process (F-AHP) analysis were carried out to identify the priority levels of such DfS
improvement alternatives. The research process that was employed here is as follows: (1) definition of
the DfS improvement alternatives, (2) conduct of the questionnaire survey, and (3) calculation and
analysis of the weighting factors.
First, based on previous studies related to DfS, eight DfS improvement alternatives for South
Korea were presented. Second, a questionnaire survey was carried out to identify the degrees of
importance of the eight DfS improvement alternatives. The 27 respondents who participated here
all had links to the construction industry. They were five clients, five designers, eight contractors,
four construction managers, and five researchers. Nine respondents had less than ten years of
experience, and eighteen respondents had more than ten years of experience. Based on the results
of the questionnaire survey, the absolute importance of the eight DfS improvement alternatives
was identified. An analysis of variance was carried out for validation. Third, the F-AHP analysis
was performed considering the following three criteria: (1) the overall respondents’ perspective,
(2) the construction project participants’ perspectives, and (3) the career level.
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The results of the study are as follows. First, the results of the absolute importance of the eight DfS
improvement alternatives from all respondents’ perspective showed that all respondents recognized
the need for the eight DfS improvement alternatives. In particular, however, the absolute importance of
the alternatives was highest among the researchers, as the researchers recognized through their research
that the DfS process can effectively reduce the number of construction accidents.
Second, the results of the relative importance of each of the eight DfS improvement alternatives
from the perspective of all respondents showed that the perceived top priority with regard to improving
DfS in South Korea was the ‘Assignment of responsibility for DfS to the client’ (0.196). This suggests
that in South Korea, construction project clients lack a sense of responsibility during the DfS process.
The least urgent improvement item was the ‘Application of extended coverage’ (0.089).
Third, the results of the relative importance of each of the eight DfS improvement alternatives
by construction project participant revealed that there is a significant difference in the recognition
of the importance of improving DfS according to the roles and positions of the construction project
participants. The clients of public construction projects, who implement the DfS process, recognized
the relative importance of the ‘Application of extended coverage’ (0.160). Meanwhile, the designers,
who want to reflect design alternatives regarding risk factors in the construction design, placed
relatively more importance on the ‘Application of a design alternative’ (0.147), while the contractors
perceived the ‘Development of a decision support system’ (0.215), helpful during the DfS process,
as a relatively important alternative. In addition, the contractors, who cannot participate in the DfS
process due to the conventional project delivery method in South Korea, recognized the relative
importance of the ‘Development of a collaboration program’ (0.117). The construction managers,
who examine how well the contractor implements the DfS process, recognized the ‘Involvement
of the contractor in the pre-construction phase’ (0.250) as relatively more important than the other
DfS improvement alternatives due to the expectation that early participation of the contractor in
the construction process will ensure better implementation of the DfS process in the construction phase.
The researchers, who investigate the DfS process, considered the ‘Assignment of responsibility for DfS
to the client’ as relatively more important (0.245).
Fourth, the results of the relative importance of each of the eight DfS improvement alternatives by
career level confirmed that respondents with less than ten years of experience recognized all alternatives
as being equally important, without variations in the relative importance levels. In addition, due to
their lack of knowledge about the DfS process, they recognized the ‘Development of a decision support
system’ (0.178) as relatively important. On the other hand, those with more than ten years of experience
assigned special importance to the ‘Assignment of responsibility for DfS to the client’ (0.237).
The contributions of this study are as follows. First, for the first time in South Korea, a study
deduced and presented the improvements that need to be made to DfS in South Korea from
the perspective of construction project participants and based on the career level. Second, the preferential
improvements based on the perspectives of the construction project participants and by career level
were identified, and the study findings can be utilized as basic data for the establishment of detailed
measures by which to improve DfS in Korea. Third, policy makers can use the results of this study to
improve DfS for construction project in South Korea.
This study, however, has the following limitations. First, it was difficult to conduct a survey
among experts with much knowledge of DfS because the introduction of DfS in South Korea is still
in its infancy. Second, this study seeks to find DfS problems; thus, through a literature review and
a questionnaire survey, eight DfS alternatives are presented. However, except for the eight DfS
alternatives, other difficult to find problems may also exist. Therefore, in future work, when the DfS
process will have been activated in South Korea, DfS improvements in the country based on the results
of an extensive questionnaire survey involving DfS experts can be suggested. In addition, further
research is needed to present action plans for the DfS improvement priorities from the perspectives of
the various construction project participants based on the findings of this study.
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