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Abstract
Construction industry (CI)’s poor occupational health and safety (OHS) 
performance drives the need for CI to adapt relevant industry 4.0 technologies 
effectively. This paper aims to identify critical success factors (CSFs) for and barriers 
against adaptation of OHS4.0 to CI. With this aim, following the literature review, 
four rounds of two groups of Delphi surveys, and interviews were conducted. The 
first group of four rounds of Delphi survey (DS) focused on identification of the 
barriers whereas the second group of four rounds of DS focused on identification 
of the CSFs. Results of both DSs have been commented on, and validated through 
interviews with experts. The results of these four rounds of two groups of DS and 
interviews revealed barriers and CSFs under three main interrelated categories 
(i.e. cost, human resources (HR), and managerial aspects). These barriers and 
CSFs can provide input to the strategies at the company, CI, and country levels 
for supporting achievement and widespread of OHS4.0 in CI. This study can be 
useful to all stakeholders of OHS4.0 in CI. 
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1. Introduction 	
Safety problems is a source of 
concern in the construction industry 
(CI) (Machfudiyanto et al., 2019). 
There are higher rates of worker 
injuries and deaths in CI than other 
industries (Nnaji and Karakhan, 
2020). Different statistical data on the 
workplace fatality rate in CI reveal 
poor performance of CI. For example, 
according to the Health and Safety 
Authority (2024), CI is responsible for 
up to 29% of all workplace fatalities. 
Similarly, according to Zhang et 
al. (2015), CI accounts for 36% of 
all workplace deaths in the United 
States. Furthermore, according to 
the Occupational Safety and Health 
Administration (2021) nearly half 
of all fatal occupational injuries in 
the United States are experienced by 
construction workers. Among CI’s 
self-reported work-related illnesses 
musculoskeletal disorders outstands 
with its high percentage of %52 (HSE, 
2024). Financial and non-financial 
costs are associated with workplace 
injuries and illnesses (HSE, 2024). Rate 
of employees experiencing recent or 
chronic work-related musculoskeletal 
disorders is approximately 2.0% which 
is higher than workers in all industries 
(1.2%) (HSE, 2024). Statistical data 
on nonfatal accidents, and illness 
further verify poor performance of 
CI. For example, according to Health 
and Safety Authority (2024), CI is 
among the top five industries sectors 
for non-fatal accidents and illnesses. 
Furthermore, from the economic 
perspective, fatalities, injuries and 
illness in workplaces result in economic 
loss as supported by Lipnicka (2020) 
who indicated that loss of around 4% 
of the global Gross Domestic Product 
due to OHS related diseases, injuries, 
and fatalities. 

CI can benefit from alignment of 
CI with the digitalization of produc-
tion through Industry 4.0 (I4) (Suferi 
& Rahman, 2021). Many factors, how-
ever, prevent CI from adopting I4 (Ta-
her, 2021). Previous studies underlined 
the need to improve knowledge and to 
conduct studies regarding the factors 
limiting use of technology for OHS 
management in CI (Nnaji & Karakhan, 
2020). Despite slightly widespread of 

adoption/use of technology for OHS 
management in CI, there is indus-
try-wide resistance to its use (Nnaji & 
Karakhan, 2020). More than 70% of 
construction firms reported difficulties 
in implementing recent technologies, 
according to a global survey, suggest-
ing a notable slowdown in CI’s digitali-
zation (Mitchell, 2023). CI has unique 
barriers against implementing new 
technologies due to its nature, includ-
ing value chain fragmentation (Hwang 
et al., 2021). 

Even if many studies (e.g., Al-Turk 
& Weheba, 2022; Demirkesen & Tezel, 
2021) have emphasised importance 
of identifying barriers, there is lack 
of studies on barriers against adapta-
tion of the OHS4.0 to CI. As there are 
many barriers against adoption of I4Ts 
(Industry4.0 technologies), it can be 
useful to identify and eliminate them 
(Luthra & Mangla, 2018). Investigating 
challenges preventing adoption of I4 
by construction companies can be an 
opportunity to raise awareness of and 
develop strategies on how to deal with 
them (Demirkesen & Tezel, 2021). Fur-
thermore, there is need for investigat-
ing main barriers against I4Ts’ success-
ful implementation and adoption in CI 
(Al-Turk & Weheba, 2022). Identifying 
barriers against effective implemen-
tation of OHS management at sites is 
necessary to cope with them (Eigege et 
al., 2020). Overcoming barriers against 
the adoption of technology can con-
tribute to construction safety perfor-
mance into safety management in CI 
(Nnaji and Karakhan, 2020). 

Many studies (e.g. Nwaiwu et al., 
2019) have emphasised importance 
of Critical Success Factors (CSFs) for 
different purporses. There is, however, 
lack of studies on CSFs for adaptation 
of the OHS4.0 to CI. Pozzi et al. (2023) 
emphasised the need for academic con-
tributions to CSFs for I4 implemen-
tation and improvements. Identifying 
CSFs can lead to prioritization and 
awareness of critical variables for CI 
to be competitive (Sarvari et al., 2021). 
For example, Nwaiwu et al. (2019) ana-
lyzed factors for the I4 implementation 
in the Czech Small Medium Enterprise 
(SME) manufacturing sector, stating 
that factors identified as critical for a 
successful transition and adaptation 
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should be prioritized. Furthermore, 
Sukathong et al. (2021) examined CSFs 
affecting adoption of technologies for 
SMEs. Additionally, determining CSFs 
for effective management of SMEs in CI 
can contribute to project success and 
efficiency (Sarvari et al., 2021). Vrcho-
ta et al. (2020) emphasized importance 
of identifying CSFs for project man-
agement and analyzing its relationship 
with I4. Machfudiyanto et al. (2019) 
argued that identifying CSFs affecting 
safety can improve performance. 

Many studies (e.g., Sony et al., 2021) 
have emphasized that both barriers 
against and CSFs should be evaluat-
ed together. For example, Sony et al. 
(2021) emphasized that studies criti-
cally examining benefits of, challenges 
in, and success factors for I4 beyond 
conceptually defining it are necessary. 
There is need to identify and ana-
lyze the barriers against and CSFs for 
adoption of I4 and CSFs (Moeuf et al., 
2020). Even if it is important to under-
stand the barriers against and the CSFs 
for the adaptation of I4Ts to OHS in 
CI, there is a gap in the literature with 
respect to researches on determina-
tion of barriers against and CSFs in the 
context of the adaptation of OHS4.0 in 
CI. Integrated thinking of these CSFs 
and barriers can support construction 
companies’ strategies and policies for 
embedding OHS4.0 into their OHS ac-
tivities and processes. This paper aims 
to identify barriers against and CSFs 
for the adaptation of the OHS4.0 to CI. 

2. Factors to be considered for the 
adaptation of OHS4.0 to CI
2.1. Cost related factors as barriers 
and CSFs
Financial constraints are critical in the 
I4T adoption (Zabidin et al., 2021). Poor 
understanding of the cost and benefit 
for I4 adoption appears to be a difficulty 
(Ling et al., 2020). Companies perceive 
economic and financial barriers to be 
among the barriers against adoption 
of technologies (Cugno et al., 2021). 
Similarly, the main barrier against 
adoption of technologies (e.g. AR, 
VR) to CI is that they are considered 
to be expensive (Delgado et al., 2020a). 
In CI, there are many barriers (e.g. 
high investment cost) causing many 
companies not to invest in BIM 

(Oesterreich & Teuteberg, 2018). 
When presenting case studies on 
efficiency of visualisation technologies 
in creating communication and putting 
construction site safety plans into 
action, Azhar (2017) emphasised extra 
expense of creating a BIM model. High 
initial investment cost of incorporating 
technology into an organization is a 
barrier against adoption of technologies 
for OHS in CI (Cai et al., 2020; Nnaji & 
Karakhan, 2020; Sony et al., 2021). 

Before deciding to incorporate new 
technologies into construction safe-
ty, detailed cost-benefit analysis is 
required (Yap et al., 2021). In this re-
gard, there are many real-life exam-
ples revealing benefits obtained from 
technology investments. For example, 
“construction 2025” started by the UK 
government, and called for construc-
tion projects to be completed 50% 
faster, and with a reduction of 33% in 
initial construction cost and the asset’s 
lifetime cost (UK government, 2013). 
Another real life example is the Man-
chester Town Hall Building project, 
which is among the government’s pilot 
BIM schemes, and which has shown 
the value of digital engineering by re-
ducing cost of needless temporary 
work, and saving time of nine months 
(UK government, 2013). 

2.2. Human resources related factors 
as barriers and CSFs
Human resources practices can 
help adopt new technologies to the 
company (Sukathong et al., 2021). 
For example, ‘human’ factor can be 
considered among CSFs for the IoT 
implementation (Hakim et al., 2021). 
Low level of awareness of I4, however, 
is a barrier which should be overcome 
by training (Eğilmez & Koca, 2018). 
For example, barriers against the 
adaptation of AR and VR include 
lack of sufficient number of graduates 
equipped with the necessary skills, 
and lack of teams having appropriate 
competencies related with these 
technologies (Delgado et al., 2020b). 
Training the human capital that 
will use the relevant technology in 
accordance with the labor market can 
be considered a challenge (Cugno et al., 
2021). Eigege et al. (2020) emphasized 
insufficient training of staff as a 
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barrier against OHS adaptation to the 
processes. Construction companies 
targeting implementation of I4Ts 
in their processes must train their 
workers (Moshood et al., 2020). Proper 
training of HR is a success factor 
for successful implementation of I4 
(Nwaiwu et al., 2019). Education and 
training have emerged as an important 
issue as adoption of I4 requires a set of 
new skills and responsibilities (Khan 
et al., 2022). Companies need to have 
staff who meets the requirements of I4 
skills and technical knowledge (Sony et 
al., 2021). 

While a strong safety culture is im-
portant to maintain employee aware-
ness and compliance when improving 
OHS, there are issues related with in-
adequate training, funding constraints 
and project pressures (Labaran et al., 
2024). While robots and automated 
machinery have the potential to sub-
stitute or support workers through im-
proved flexibility, and safety, employees 
will be working on tasks which require 
management, accountability, deci-
sion-making, and human-machine in-
teraction and which can expose work-
ers to increased psychosocial stress and 
health and safety hazards that are in-
herent in automated tools (Leso et al., 
2018). Even if concern over the future 
of jobs and wages grow as robots and 
other technologies are incorporated 
into the various stages of construction 
projects, current roles are expected to 
be changed while new ones are expect-
ed to be developed (Soto et al., 2019). 
Regarding real life examples, according 
to Autodesk and the Associated Gen-
eral Contractors of America’s survey, 
70% of construction companies have 
difficulty in finding qualified craft-
workers to hire in case of an increase 
in demand for construction (AGC 
2017). Furthermore, 8.7 million work-
ers in Sri Lanka have high absenteeism 
and turnover rates due to unsafe acts, 
unsafe behaviours, and poor working 
conditions (NIOSH, 2017).

2.3. Management related factors as 
barriers and CSFs
Insufficient management support, 
government support and lack of policies 
and global standards are barriers 
against organizations in the adoption 

of I4 (Eğilmez & Koca, 2018). Among 
the critical challenges in adopting 
Construction4.0 is the lack of effective 
contracts, government policies and 
standardization due to the inherent 
nature of CI (Luthra & Mangla, 2018). 
Organizations fail to fully explain their 
digital company vision and missions, 
roadmaps and strategies regarding 
the transition to I4 (Luthra & Mangla, 
2018). Fundamental deficiencies in 
organizational alignment and strategic 
management can be considered among 
the main barriers against I4 integration 
(Taher, 2021). Main barriers against I4 
can be expressed as cultural resistance 
and inability of organizational 
processes to be transformed effectively 
(Cugno et al., 2021). 

Top management’s support is im-
portant for technology management, 
especially in terms of the resources 
required for the company (Sony et al., 
2021). Top management’s commit-
ment leads an organization to policies 
and activities supporting achievement 
of its goals (Sukathong et al., 2021). 
Commitment of/support by top man-
agement and compliance with organi-
zational strategies are among the CSFs 
(Khan et al., 2022). Management must 
be determined to adapt developing 
technologies to its processes for com-
petitiveness in the international mar-
ket (Karimulla, 2020). Furthermore, 
integration of corporate culture with 
lean management is among the success 
factors for the I4 adoption in compa-
nies (Pozzi et al., 2023). Additionally, 
managing cybersecurity is important 
for organizations and it is a CSF for im-
plementation of I4 (Sony et al., 2021). 

Wanjiku (2015)’s case study’s find-
ings demonstrated contribution of 
management priorities, attitude, and 
practices to health and safety outcomes 
(Wanjiku, 2015). Furthermore, as an-
other real-life example, in Anambra 
State, Okoye et al. (2016)’s research 
investigated construction workers’ 
compliance with and knowledge of 
OHS through questionnaires applied 
to construction workers at fifteen sites, 
and revealed importance of manage-
ment (Okoye et al., 2016). Shafei et 
al. (2025)’s case study revealed that 
Construction4.0 technology projects 
highlighted BIM’s adaptability and ef-
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ficiency in addressing OHS issues. As 
another case study, Zhang et al. (2015)’s 
research which used a prototype to test 
a BIM framework with automatic safe-
ty rule checking algorithms in two case 
studies involving models of a Finnish 
office and residential building project, 
revealed successful implementation of 
the safety rule-checking platform de-
signed for fall-hazard detection and 
prevention in BIM.

3. Method 
This paper aims to identify barriers 
against and CSFs for the adaptation 
of OHS4.0 to CI. Following the 
literature review, four rounds of two 
groups of Delphi surveys (DS), and 
interviews were conducted (Figure 
1). Figure 1 outlines the research flow 
where arrows’ directions indicate the 
order/flow of the research process. 
The criteria determined based on 
the literature review were refined 
through four rounds of two parallel 
DSs. The first group of the DS focused 
on determination of barriers against 
the adaptation of OHS4.0 to CI 
(Figure 1). The second group of the 
DS focused on determination of the 
CSFs for the adaptation of OHS4.0 
to CI (Figure 1). Furthermore, upon 
the accomplishment of four rounds 
of two groups of DSs, interviews with 
10 experts have been performed to get 
detailed comments on and validate the 
DS results (Figure 1). These interviews 
were performed online (Figure 1). 

Four rounds of the two groups of 
DSs followed the same process in each 
round. All rounds can be briefly de-
scribed as follows:

The first round of both groups of DSs 
focused on the selection of the most 
important criteria among the criteria 
obtained from the literature. In the first 
round of the first group DS, participant 
experts were asked to mark minimum 
5 and maximum 10 criteria that they 
considered as most important from the 
list of 191 criteria obtained from the 
literature review. Similarly, in the first 
round of the second group DS, partici-
pants were asked to do the same on the 
CSR list (311 criteria obtained from the 
literature review). Furthermore, at the 
end of the first round of both group of 
the DSs, participant experts were asked 
to indicate additional criterion/crite-
ria/barrier(s) under the ‘other’ option 
in case they had further suggestions. 
At the end of the first round, the crite-
ria which have not been selected have 
been removed from the lists whereas 
the selected criteria, and additional cri-
teria specified under the ‘other’ option 
have been included in the lists for the 
second round of both group of DSs.

In the second round of both groups 
of DSs, for each group of DS, experts 
were asked to rethink the criteria list 
prepared as a result of the first round of 
their Delphi group to select minimum 
5 and maximum 10 criteria which they 
consider as most important. As a result 
of this second round, in each DS group, 

Figure 1. Flowchart of the research method.
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criteria selected by less than 20% of ex-
perts were removed from the list, in 
compliance with Tatlici & Sertyesilisik 
(2023)’s research, as the basis for the 
third round. 

In the third round of both groups 
of DSs, experts were asked to score all 
remaining criteria in their DS group 
in a 5 point Likert where 1 referred to 
the criterion they considered to be the 
least important whereas 5 referred to 
the criterion they considered to be the 
most important. Cronbach’s alpha val-
ues were calculated for both DS groups.

In the fourth round of both groups 
of DSs, each DS group expert has re-
ceived a table containing the results of 
the 3rd round of his/her DS group to 
compare her/his scores with the aver-
age results. In the first column of the 
table provided, the average of the an-
swers given by all experts to each crite-
rion was provided, and in the other col-
umn, the participant could see her/his 
scores given in the 3rd round of her/his 
Delphi group. In the last column, each 
expert was asked to score the criteria 
between 1 to 5 again considering crite-
ria’ mean values and the scores she/he 
assigned in the third round of her/his 
Delphi group.

For both groups of DSs, data gath-
ered in the 3rd and 4th rounds were en-
tered into the Statistical Package for the 
Social Sciences (SPSS®) computer pro-
gram. When analyzing data, the Delphi 
method should focus on the group’s 
opinion rather than on the individuals’ 
opinion (Yeung et al., 2007; Chan et al., 
2001). Therefore, similar to Yeung et al. 
(2007) and Chan et al. (2001), Kend-
all’s concordance analysis was used to 
measure the consistency of the group’s 
opinion in the third and fourth rounds. 
Compatibility increased as Kendall’s 
Coefficient of Concordance increased 
from 0.263 to 0.313. Additionally, 
similar to Yeung et al. (2007), criteria 
were not eliminated in the 3rd and 4th 
rounds and consistency was measured. 
In both groups of DSs, the compliance 
coefficient of the 3rd round was lower 
than the one of the 4th round. It was 
observed that the compliance coeffi-
cient increased and that the experts’ 
answers became similar to each other 
in the 4th round. Complying with Tat-
lici & Sertyesilisik (2023), correspond-

ing weights were calculated for both 
groups of DSs. Additionally, the results 
of the 3rd and 4th rounds were trans-
ferred to the SPSS® program, and test of 
normality, Skewness and Kurtosis tests 
and Pearson’s correlations tests were 
performed. As the data were normally 
distributed in both groups, Pearson’s 
correlation analysis was performed. 
Similar to Yeung et al. (2007), in the 
correlation matrix tables, less than half 
of the criteria that are correlated with 
each other at the 5% significance level 
are correlated with each other (Table 
4, Table 6). Therefore, the criteria have 
been ranked based on the correspond-
ing weights. Results of both DSs have 
been commented on, and validated 
through interviews with experts. 

Sample of both groups of DSs and of 
the interviews consisted of participants 
who have experience and/or publi-
cations in the relavant field in CI and 
academics who have academic publica-
tions in this research related field. Ta-
ble 1 provides the profile of the sample 
sets for all research methods (i.e. both 
groups of the DSs, and interview) ap-
plied within the scope of the study. 

As seen in Table 1, participants have 
many years of experience in either pri-
vate or public construction. All partic-
ipants are OHS specialists. Majority of 
them have engineering or architecture 
education background. The sample has 
been approved by the ethics commit-
tee and jurry members. Participation 
to the study has been completely vol-
untary. Experts having publications on 
this topic were identified through liter-
ature review and contacted via e-mail. 
CI participants in the sample were 
reached via the LinkedIn webpage.

4. Results
4.1. The first group of the Delphi 
Study
The first round: 20 experts contributed 
to the first round. Criteria which have 
not been selected by the participants 
have been eliminated whereas criteria 
which have been selected by at least 
one participant were proceeded to the 
next round together with the additional 
criteria suggested by the experts. As 
the number of remaining criteria in 
the list prepared based on the literature 
for the second round was 84 and as 
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experts added 5 more criteria to the 
other option at the end of the criteria 
list, a list of 89 criteria was created for 
the second round of the first group of 
DS (Figure 1).

The second round: 18 experts par-
ticipated in this round and they were 
asked to rethink the criteria list to select 
minimum 5 and maximum 10 criteria 
which they consider as most import-

ant. As a result, all criteria selected by 
less than 20% of experts were removed 
from the list. The criteria selected by 
more than and/or equal to 20% of the 
participants (Table 2).

The third round: Experts were asked 
to score/weight all 15 criteria in the re-
maining criteria list (Table 2). Cronbach’s 
alpha value of the 3rd round was found 
to be 0.872 and reliable. They were asked 

Table 1. Profile of the research participants.   
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to score the criteria in a 5 point Likert 
where 1 point refers to the barrier they 
considered to be the least important and 
5 points refer to the barrier they consid-
ered to be the most important. 17 experts 
participated in the 3rd round. As a result, 
none of the criteria was eliminated (Table 
2) as the mean value of the criterion with 
the lowest score was 2.35 in the assess-
ment based on 5 points.

The fourth round: The reliability 
analysis of the fourth round of the first 
group DS was found to be 0.871 (Cron-
bach’s alpha value) and reliable. 17 ex-
perts participated to the 4th round. 
Results of the 4th round of the first 
group of DS are presented in Table 2. 
As the criterion having the lowest aver-
age was 2.71 and as data were collect-
ed at a 5-point Likert scale, all criteria 
remained above 2.5. Therefore, none of 
the criteria was eliminated.

Table 2 summarizes the results of 
the second, third and fourth rounds 
of the first group DS, and provides the 
criteria selected by participants in per-
centage (for the 2nd round) and the 
mean rating, mean rank, rank and cor-
responding weighting values ​​(for the 
3rd and 4th rounds).

When the 3rd and 4th rounds are 
compared, the Kendall fit coefficient 
increased from 0.263 to 0.313, mean-

ing that the consistency increased (Ta-
ble 2). When the 3rd and 4th rounds 
were compared on the criteria basis, 
the first four important factors re-
mained the same, and the ranking of 
the other factors remained almost the 
same (Table 2). 

Table 3 shows the results of the re-
liability analyses of the 3rd and 4th 
rounds of the two-group DS, and re-
veals that both rounds of the two-
group DS were reliable.

Table 4 contains the results of the 
correlation analysis of all criteria in the 
3rd and 4th round of the first group DS.

As seen in Table 4, similar to Yeung 
et al. (2007) and Tatlici & Sertyesilisik 
(2023)’s studies, the results of correla-
tion analyzes confirm the necessity of 
evaluating the criteria based on corre-
sponding weights. Therefore, the crite-
ria have been ranked based on the cor-
responding weights (Table 4).

4.2. The second group of the Delphi 
Study
The first round: 12 experts participated 
in the first round and marked the most 
important criteria among 311 criteria 
obtained from the literature review. 
The criteria that the experts had never 
marked were removed from the list 
and 67 criteria obtained from the 

Table 2. Results of the 2nd, 3rd and 4th rounds of the first group DS.   
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literature remained. Experts added 1 
more criterion to the other option in 
the criteria list. A list of 68 criteria was 
prepared for the next (second) round.

The second round: 12 experts par-
ticipated to the second round. All cri-
teria which have been selected by less 
than 25% of experts participated were 
removed from the list. A list contain-
ing 13 criteria was prepared for the 3rd 
round of the second group DS.

The third round: The Cronbach’s al-
pha value was 0.892 and reliable (Ta-
ble 3). 12 experts participated in the 
3rd round of the second group of the 
DS. As a result, none of the criteria was 
eliminated.

The fourth round: The 4th round of 
the second DS’s reliability analysis is 
0.889 and reliable (Table 3). 11 experts 
participated in the fourth round. 

Table 5 summarizes the results of 
the 2nd, 3rd and 4th rounds of the sec-
ond group DS.

In Table 5, the percentages of experts 
for all criteria in the second round are 
given, and for the third and fourth 
rounds, the mean rating, mean rank, 
rank and corresponding weighting val-

ues ​​are given in detail for comparison. 
When the third and fourth rounds are 
compared, the Kendall fit coefficient 
increased from 0.264 to 0.363, mean-
ing that the consistency increased. Fur-
thermore, when the third and fourth 
rounds were compared on the criteria 
basis, the first four important factors 
remained the same, and the ranking of 
the other factors remained almost the 
same. 

Table 6 contains the results of the 
correlation analysis of each criterion 
in the third round and fourth round of 
the second group DS.

As seen in Table 6, similar to Yeung 
et al. (2007) and Tatlici & Sertyesilisik 
(2023)’s studies, as correlation analyses 
results confirm the necessity of eval-
uating the criteria based on their cor-
responding weights, the criteria have 
been ranked accordingly.

Figure 2 summarizes the results of 
the two groups of DSs and reveals the 
barriers and CSFs with their corre-
sponding weightings and related group.

4.3. Interview with experts
Complying with the results of the fourth 
rounds of both DSs, all interviewees 
confirmed that the main group of barriers 
and CSFs are related with cost, human 
resources and management aspects. All 
interviewees supported both group of DSs 
results.  All interviewees confirmed that the 
identified criteria can be grouped under 
cost, human resources, and management 

Table 4. Matrix of correlation among the first group of the DS’s 3rd and 4th round criteria.

Table 3. The Cronbach’s Alpha value results of rounds 3 and 4.
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related main headings. Furthermore, all 
interviewees emphasized that these main 
groups are interrelated with each other. All 
interviewees agreed that the first 3 barriers 
and CSFs are the most important (Figure 
2). Specific emphases of the interviewees 
including their strategy and policy 
recommendations can be executively 
highlighted as follows:

Cost: Problems can be solved more 
easily if employers are explained about 
possible benefits of technology-based 
OHS4.0 and importance of switching 
to OHS4.0 despite its high initial in-
vestment costs as the benefits can sur-
press the costs (A).  Employers may 
concern about issues such as high costs 
and uncertainty about their earnings 

Table 5. Results of the 2nd, 3rd and 4th rounds of the second group DS.

Table 6. Matrix of correlation among the second group of the DS’s 3rd and 4th round criteria.
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(K). Cost-benefit analysis needs to 
be understood (I). As companies’ fi-
nancial capabilities and condition are 
important, price policies of OHS4.0 
technologies can have potential to af-
fect management’s investment decision 
(H). 

Regarding interviewees’ recommen-
dations, policy makers should support 
owners and contractors through in-
vestment supports and tax incentives 
to enable them to overcome cost-relat-
ed obstacles (A, B, C, G, H, K). Gov-
ernment’s ability to develop various 
investment strategies could enable 
construction companies to increase 
their investments in technologies (A, 
B, C, G, H, K). As while employers pro-
vide training to their staff, and as the 
training provided has a cost, G and H 
drew attention to the necessity and im-
portance of developing various strat-

egies to support business owners and 
contractors with various additional 
support items (e.g. tax exemptions for 
training expenses).

Human resources: The most import-
ant barrier against OHS4.0 is the lack 
of awareness (B). Increased under-
standing of I4 can be possible through 
education (A, B). Even the most un-
skilled workers need to have a certain 
level of training and skills in terms of 
OHS4.0 (G). In order for managers 
to support OHS4.0, they must be ed-
ucated and have the necessary knowl-
edge and skills (H). As employers tend 
to perceive OHS expenses as an extra 
cost item, it is important to inform and 
train all project stakeholders, includ-
ing employers, about the necessity of 
taking OHS measures (G). Creating 
effective training content for OHS4.0 is 
necessary and important (C). Training 

Figure 2. Criteria’s corresponding weightings and their related groups as a result of the two groups of the DSs.
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using VR glasses can be beneficial for 
OHS4.0 (C). Training should be orga-
nized in various ways regarding each 
employee’s motivation, competencies 
and awareness of technology, ability 
to work in a team, and desire to learn 
(G). Employees’ being able to work in a 
team, their awareness of adaptation to 
OHS and OHS4.0, and motivation are 
important (G). Employees’ psychology 
needs to be considered in the context 
of OHS4.0 (E, K). Workers may wor-
ry about job and earnings losses due to 
the substitution of their work by robots 
(K).

Regarding intervieweees’ recom-
mendations, A, C, E, F, H, I, and K 
emphasized the need to develop strate-
gies for the human resources training. 
C highlighted the need to create new 
OHS training methods incorporating 
technologies into training content. 
There are various new training meth-
ods and the need to adapt new meth-
ods (e.g. gamification) (C). Developing 
strategy suggestions (e.g. supporting 
the psychology of employees) is im-
portant (E). OHS trainings remain the-
oretical and their content should be 
developed with examples from sites 
(E). Good communication skills and 
teamwork for problem solving are 
needed and development of human 
resources-based strategies is import-
ant (F, I and K). G emphasized the ne-
cessity of companies to create an OHS 
culture and importance of developing 
training strategies to create it. H high-
lighted job concerns and the need for 
developing staff-focused strategies for 
a sustainable OHS4.0 understanding. 
Developing more private sector-aca-
demia collaborations and strategies for 
identification and solution of barriers 
and CSFs for OHS4.0 is important (I).

Management: All occupational risks 
have potential to be managed in an or-
ganization and each staff has responsi-
bility for reducing OHS problems (A). 
Top management support is important 
(C). It can affect the cost significantly 
(B). The relationship between manage-
ment and cost is strong as management 
must decide almost everything related 
to cost (K). Management support is 
important to ensure cultural change 
needed for OHS4.0 adoptation effec-
tively (H). Companies need to adapt 

a new culture to adapt these OHS4.0 
technologies (C). The culture of OHS 
and OHS4.0 has not been fully adopt-
ed (G). Cultural change is required in 
companies and digital culture is not 
effective enough in CI (H). All stake-
holders’ participation in OHS4.0 cul-
ture is important to widespread it (H). 
OHS experts can encourage employers 
to adopt OHS4.0 (C). OHS experts 
should be independent from the com-
pany and employed by the government 
so that they can perform their duty ef-
fectively and transparently (G, K).  

Regarding interviewees’ recommen-
dations, all interviewees emphasized 
that there is a need to develop strat-
egies related to management. To en-
courage cultural change, studies can be 
conducted to inform/raise awareness 
of top management/business own-
ers and contractors primarily by OHS 
experts authorized by government 
authorities (A, H). Adopting manage-
ment approaches (e.g. TQM, lean) can 
be seen as a strategy for OHS4.0 (A, B, 
G, H). As although OHS experts ex-
plain company owners that technolo-
gy integration is essential for OHS, it 
can be difficult to convince them, there 
should be mandatory standards (C). 
Government incentives and guaran-
tees are important as the high initial 
investment costs can make company 
owners reluctant to invest in technol-
ogy (C). Policies should be developed 
to ensure that OHS management is 
completely independent from compa-
nies (F, G). Auditing mandatory stan-
dards is important (F, G, H). Further-
more, government supports for OHS 
and OHS4.0 are needed (K). Regula-
tions and standards are important for 
OHS4.0 adaptation (D). Government 
incentives (e.g., financial support, rele-
vant laws and regulations) can support 
the top management and to achieve a 
visible and continuous change (C). It is 
necessary to audit the implementation 
of laws (G, K, I). 

5. Discussion 
Figure 3 provides the classification 
of the CSFs and barriers based on 
Figure 2 so that the groups to which 
each criterion is related to can be 
seen clearly as Figure 2 provides the 
rankings of these criteria based on their 
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corresponding weightings and their 
relation to the three main groups (i.e. 
cost, management, human resources).

Identified barriers and CSFs have 
been discussed under the following 
headings based on Figure 3.

5.1. Cost related barriers, CSFs and 
strategies 
Criteria 1, 8 and 10 are the top three 
cost-related barriers, whereas criteria 4 
and 10 underline financial capabilities 
and cost-benefit as among the top CSFs 
related to cost (Figure 2 and Figure 3). 
For widespread of OHS4.0 in CI, it is 
important to overcome cost-related 
barriers while supporting CSFs. Among 
the most critical issues for companies 
to invest in technologies is financial 
conditions (Zabidin et al., 2021).  Cost-
benefit stands out as both a barrier and 
a CSF (Figure 3).  Companies may not 
want to invest their limited budgets 

in technologies that they are not sure 
will benefit them (Oesterreich and 
Teuteberg, 2018; Nnaji and Awolusi, 
2021). Therefore, to establish the 
understanding of I4, it may be beneficial 
to develop understanding regarding 
the solution to cost-benefit-related 
problems (Ling et al., 2020). Regarding 
financial capabilities (e.g. Moeuf et al., 
2020; Ling et al., 2020) barrier (Figure 
3), financial issues affect companies’ I4 
integration (Dikhanbayeva et al., 2021). 
Regarding cost-benefit (Oesterreich 
and Teuteberg, 2018; Nnaji and 
Awolusi, 2021) barrier and CSF (Figure 
3) various studies have emphasised 
importance of cost-benefit analysis 
for different reasons [e.g. investment 
in BIM technology (Ling et al., 2020; 
Oesterreich and Teuteberg, 2018)]. As a 
CSF, companies can make a cost-benefit 
assessment before investment (Nnaji 
and Awolusi, 2021). 

Figure 3. Classification of CSFs and barriers into three main groups.
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Regarding strategies for overcom-
ing cost related barriers, policy mak-
ers need to consider the cost related 
barriers and CSFs. For example, gov-
ernments can support contractors and 
owners through subsidies/subsidy 
plans to ensure adoption of OHS4.0 in 
CI. Setting policy scenarios and quanti-
tatively modelling stakeholder respons-
es to policy scenarios are necessary for 
effectiveness study of the combined 
subsidy and fee policy (Xie et al., 2023). 
Subsidies can be for encouraging cre-
ative solutions or preventing particular 
risks (EU-OSHA, 2007-2012). Studies 
conducted by OSHA show that when 
illnesses, injuries, and fatalities de-
crease, there is an average return on 
investment of $5 for every $1 spent 
on construction safety programs (CA-
Hill Tech, 2022). Many contractors are, 
however, unaware that investment in 
safety can yield a substantial return on 
investment (CAHill Tech, 2022). 

All interviewees supported cost-re-
lated CSFs for and barriers against 
the widespread of OHS4.0 in CI, im-
portance of effective training and in-
creasing all stakeholders’ awareness of 
OHS4.0, and accurate cost-benefit anal-
ysis. They have highlighted that prob-
lems related to investment costs can 
make employers reluctant to adopt new 
technologies. Furthermore, A, B, C, G, 
H, and K recommended policy makers 
to provide investment strategies, in-
vestment supports, and tax incentives 
to support contractors to overcome 
cost-related barriers and to encourage 
them to invest in technologies. 

5.2. Human resources related
barriers, CSFs, and strategies 
When all barriers (i.e. criteria 3, 4, 11 
and 13) and CSFs (i.e. criteria 2 and 
8) (Figure 2, Figure 3) are evaluated 
together, training of all employees in 
CI can be important for the adaptation 
and widespread of OHS4.0. From the 
perspective of talent, know-how and 
skills of human resources, Criteria 2, 5 
and 9 are barriers whereas criterion 3 is 
a CSF (Figure 3).

Overcoming barriers 4 and 11 can 
be supported through staff training. 
It is necessary to increase the level of 
awareness of CI employees and devel-
op their awareness of adopting tech-

nologies. Insufficient training of staff is 
among the barriers against the adapta-
tion of I4 (Eigege et al., 2020; Karim-
ulla, 2020). Employees’ training is im-
portant to support I4 adoption (Nnaji 
and Awolusi, 2021; Moeuf et al., 2020). 
The barrier that new technologies 
are generally thought to be complex 
(Karimulla, 2020) can be overcome by 
providing adequate training to the staff 
and equipping them with appropriate 
skills. Regarding project team compe-
tence, Moeuf et al. (2020) highlighted 
that skills and expertise of employees 
play key role in the success in I4 proj-
ects. 

As operating technologies neces-
sitate digital skills and multitasking 
abilities, skilled workers become in-
dispensable, governments and busi-
nesses are recommended to invest in 
improvement of workers’ intellectual 
capacities (Bispo and Amaral, 2024). 
Lipnicka (2020) proposed a training 
model that aims to educate employees 
on how to deal with injuries, allowing 
employees to easily adopt the latest 
safety standards. Gamification rep-
resents the next evolution in training 
approaches (Lipnicka, 2020). As digi-
tal technologies are used in OHS4.0 to 
collect, combine, and evaluate sensor 
data, safety executives can minimize 
damage and stop additional incidents 
when they have real-time access to data 
(Haleem et al., 2025). 

Hwang et al. (2021)’s case study in 
Singapore to identify challenges in 
adoption of smart technologies in CI 
and to develop strategies, emphasized 
importance of strategies for training 
skilled construction workers and pro-
viding government incentives.

All interviewees agreed with both 
groups of the DS results on the human 
resources related CSFs and barriers. 
They emphasized importance of hu-
man resources to support safety and 
OHS4.0 in CI. They highlighted that 
accidents and near misses can be af-
fected by employee’s education, train-
ing, skills, competencies, abilities and 
their psychology and perception.

Regarding human resources related 
strategies, A, C, E, F, H, I, and K em-
phasized the need to develop strate-
gies for the human resources training. 
Recommendations [e.g. new training 
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methods (e.g. gamification)’ adapta-
tion (C); developing training strate-
gies to create an OHS culture (G)] for 
improvement of OHS training have 
been provided. Need for addressing 
employment concerns of the personnel 
and development of personnel-focused 
strategies for a sustainable OHS4.0 un-
derstanding has been emphasized (H). 
Developing more private sector-aca-
demia collaborations and strategies (I).

5.3. Management aspects related 
barriers, CSFs and strategies 
Criteria 6, 7, 12, 14, and 15 are barriers 
whereas criteria 1, 5, 6, 7, 11, 12 and 13 
are CSFs from the management aspect 
perspective (Figure 3). Management 
support is important for the adoption 
of I4 (Luthra and Mangla, 2018). 
Regarding top management support 
(Moeuf et al., 2020; Suferi and 
Rahman, 2021; Hakim et al., 2021), for 
example, knowing the factors related 
to the impacts of and opportunities 
for I4 can contribute managers to 
improve I4 application (Pozzi et al., 
2023). Management support and 
related policies, regulations, laws, and 
management policies can support 
OHS4.0 adaptation and widespread in 
CI. To adopt I4, company management 
must be determined and willing to 
progress with these technologies 
(Karimulla, 2020). It is important for 
company management, governments, 
policy makers to be determined for 
adopting certain policies to overcome 
the barriers. Regarding clear goals 
and objectives (Moeuf et al., 2020), 
for example, Bhatia and Kumar (2020) 
emphasized that managers should 
develop strategies focusing on certain 
CSFs, rather than focusing on all 
factors. 

Regarding policies to foster manage-
rial support and direct cultural change, 
Policies can be developed to encour-
age administrative support and direct 
cultural change to overcome manage-
ment-related problems. Multinational 
corporations have taken proactively 
steps to incorporate workarea safety into 
their organizational culture (Haleem 
et al., 2025). Contractors can establish 
interventions integrating development 
of safety culture with engineering ad-
vancements (Feng, 2013). Government 

and business leaders should encourage 
collaboration/communication among 
engineering firms in CI to establish a 
competitive market environment that 
accommodates businesses having dif-
ferent resources and development ap-
proaches (Zhang et al., 2023). Further-
more, Martinez et al. (2020)’s case study, 
indicated that unmanned aerial vehicles 
could significantly influence safety reg-
ulations integrated safety planning and 
monitoring process of high-rise build-
ing construction projects by assisting 
safety managers.

All interviewees agreed on the CSFs 
for and barriers against adaptation of 
OHS4.0 to CI. Interviewees indicated 
that any OHS initiative that the man-
agement does not support cannot be 
successful and continuous and that 
management can have the potential to 
affect the cost and human resources re-
lated CSFs and barriers.

Regarding management related 
strategies, all interviewees emphasized 
that there is a need to develop strate-
gies related to management. Adopting 
management approaches can be seen 
as a strategy for OHS4.0 (A, B, G, H). 
Government incentives and guarantees 
to encourage companies to invest in 
technology (C); policies to ensure in-
dependency of OHS management from 
companies (F, G); auditing mandatory 
standards (F, G, H); policies to direct 
cultural change (F, G, H); diversifying 
financial supports to encourage con-
tractors and business owners to invest, 
enhancing employer awareness, and rel-
evant academy-private sector collabora-
tions (I) have been recommended.

6. Conclusion 
This paper aimed to identify barriers 
against and CSFs for the adaptation 
of the OHS4.0 to CI. Following the 
literature review, four rounds of two 
groups of the DSs, and interviews were 
performed. 15 barriers and 13 CSFs 
have been identified and examined 
in an integrated way under 3 main 
headings (i.e., cost, human resources, 
management aspects). Interviewees 
have validated the DS results. All 
interviewees confirmed that the list of 
15 barriers and 13 CSFs are correct and 
that the first three factors in the barriers 
and CSFs lists were the most important 
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ones. They agreed on the classification 
of these factors under three main 
groups (i.e. cost, human resources, and 
management). They indicated that these 
three main groups are integrated and that 
they cannot be considered separately. 
Figure 4 illustrates interactions among 
CSFs and barriers.

Regarding cost related barriers and 
CSFs, criteria 1, 8, and 10 were identi-
fied to be among the top three cost-re-
lated barriers whereas criteria 4 and 
10 were identified to be among the top 
three cost related CSFs (Figure 4).  Re-
garding human resources related barri-
ers and CSFs, criteria 2, 3, 4, 5, and 11 
ranked among the top human resourc-
es related barriers whereas criteria 2, 3, 
8 were ranked as top human resourc-
es CSFs (Figure 4). Criteria related to 
talent-knowledge-skills, and education 
were considered to be important by DS 
participants and interviewees. Further-
more, regarding management aspects 
related barriers and CSFs, criteria 6, 7, 
9, 12, and 13 were identified among the 
management aspect related barriers 
whereas criteria 1, 5, 6, 7, 9, 11, 12, and 
13 were identified among the manage-
ment aspects related CSFs (Figure 4). 

As interviewees emphasized the 
three main headings (i.e. cost, human 
resources and managerial aspects re-
lated CSFs and barriers) interact with 
each other and that even if legal reg-

ulations may be sufficient in terms of 
OHS, technology and OHS4.0 integrat-
ed OHS standards are needed. Further-
more, they highlighted that govern-
ment incentives and inspections can 
encourage employers to adopt OHS4.0. 
When handled with careful financial 
planning and analysis, cost-related 
barriers can become enablers. Barriers 
related to human resources (e.g. inade-
quate training) highlight the necessity 
of workforce education, skill develop-
ment, and industry-academia cooper-
ation. Crucial are management-related 
concerns (e.g. resistance to digitiza-
tion, lack of leadership support). 

In order to successfully implement 
OHS4.0, the paper emphasizes inter-
dependence of these barriers/CSFs/
main headings identified and impor-
tance of addressing them all at once. 
To overcome these barriers and to 
support the adoption of OHS4.0 tech-
nologies, strategies are needed, includ-
ing government incentives, extensive 
training programs, and strong man-
agerial commitment. This paper en-
courages increased awareness among 
all CI stakeholders and supports strong 
legal frameworks that incorporate 
digitalization into safety standards. 
Significance of cost-benefit analyses, 
managerial commitment, and contin-
ual education have been emphasized 
to create a digital culture. As effective 

Figure 4. Interactions among the CSFs and barriers.
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strategies on the cost, human resources 
and management need to be developed 
to promote the adoption of OHS4.0 in 
CI, it is recommended to develop fu-
ture strategies under these main head-
ings covering proposals for reducing 
cost, establishment of frameworks 
for designing and delivering effective 
training programs, policies to foster 
managerial support and drive cultural 
change, guidance for policymakers in 
incentives. Strategies considering bar-
riers and CSFs in an integrated way can 
support achievement and widespread 
of I4Ts integrated OHS4.0 in CI. This 
study is expected to be useful to all 
stakeholders of OHS4.0 in CI and act 
as a potential guide for interested par-
ties.
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