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ARTICLE INFO ABSTRACT

Recent research has confirmed the crucial role of safety communication in improving safety outcomes in con-
struction sites. Safety climate is another critical factor affecting safety results; however, the interaction between
safety climate and safety communication in explaining safety outcomes has remained unexplored. Assuming
safety communication as an independent construct may provide opportunities to gain a better understanding of
the impact of different communication modes and patterns on transforming a positive safety climate into im-
proved safety outcomes. To address this issue, the present study investigates the intermediary role of safety
communication in the relationship between safety climate and safety outcomes. The results of our analysis of
communication networks among 36 excavator crews based on 259 valid questionnaires confirm that the re-
lationship between safety climate and safety outcomes is fully mediated by safety communication. The findings
of this study have theoretical and practical implications for construction safety researchers and practitioners.
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1. Introduction

Given the multifaceted nature of the construction industry, nu-
merous types of incidents occur in this field every year, which cause
loss of life, injuries, and financial losses, and impede project goals. The
construction industry was responsible for 19% of fatal occupational
injuries across the entire industry in the US in 2016 (Bureau of Labor
Statistics, 2018). Although global statistics and research findings con-
firm improvements in construction safety (Hallowell, 2011; Huang and
Hinze, 2006), safety status is not yet satisfactory and researchers are
looking for new effective ways to improve construction safety outcomes
(SafOut). As Nahrgang et al. (2011) defined, SafOut refers to a holistic
picture of safety status in a workplace, interpreted in terms of accidents
and injuries, adverse events, and unsafe behavior.

Safety climate (SafClim), as a subset of organizational climate, is
defined as employees’ common perception and understanding of the
importance of safety in an organization (Zohar, 1980). In other words,
SafClim is concerned with creating an environment in the workplace
which promotes safety perception and improves project SafOut. A po-
sitive SafClim is created when managers, supervisors, and workers
create an atmosphere in which safety rules are encouraged (Cigularov
et al., 2010; Griffin and Neal, 2000; Kath et al., 2010).
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Safety Communication (SafCom) is defined as any formal or in-
formal form of communication among project members regarding
safety issues. Although several studies in construction safety manage-
ment literature consider SafCom as a dimension of SafClim (Gao et al.,
2016; Zahoor et al., 2017; Li et al., 2017; Marin and Roelofs, 2017;
Mohamed, 2002), other works do not incorporate SafCom into SafClim
(Chen et al., 2017; Guo et al., 2016; Hadjimanolis et al., 2015; Molenaar
et al., 2009). Furthermore, other studies considered SafCom as an in-
dependent construct with an impact on project SafOut (Albert and
Hallowell, 2017; Alsamadani et al., 2013; Greeff, 2017; Wehbe et al.,
2016). Considering SafCom as an independent construct would help
with the study of interpersonal information exchange in more detail
and facilitate the examination of effect of different forms of commu-
nication on SafOut. For example, Alsamadani et al. (2013) modeled
communication among project members as networks of relationships,
using Social Network Analysis (SNA), to investigate the impact of dif-
ferent communication patterns on project SafOut.

Analyzing the impact of SafCom on the association between SafClim
and SafOut is very important as it provides an opportunity to examine
the role of SafCom in different modes of communication and delineates
the impact of each mode on the relationship between SafClim and
SafOut. However, to the best of our knowledge, no study has examined
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the intermediary role of SafCom, and therefore, this research aims to
address this knowledge gap. The presented mediation model considers
SafCom among crews as either a weighted network or a non-weighted
network replicating different communication modes.

In the following sections, we first review the literature on SafClim
and SafCom and their association with SafOut. Then, we outline the role
of SafCom in the relationship between SafClim and SafOut in the form
of a conceptual model and develop relevant hypotheses. Next, our re-
search method is described, results are presented, and theoretical and
managerial implications are discussed. Finally, concluding remarks are
highlighted and limitations of our study and suggestions for future re-
search are presented.

2. Literature review
2.1. Safety Climate (SafClim)

SafClim is a guide for employees to adapt their behavior to work-
place atmosphere (Shen et al., 2015). A positive SafClim is created
when the interaction between organizations and project teams is guided
in such a way that organizations ensure safe execution of projects,
provide suitable and up-to-date personal protective equipment (PPE),
and consider safety as their top priority (Mearns and Reader, 2008; Tam
et al., 2004). Additionally, the commitment and involvement of man-
agement in workplace safety are critical factors in maintaining safety at
a desirable level (Jaselskis et al., 1996). For example, Langford et al.
(2000) found that workers’ belief in senior executives’ support for
safety can lead to greater motivation and cooperation for improving
safety outcomes (SafOut). Zhang et al. (2019) discussed the association
between safety incidents and a lack of applicable safety regulations.
Workers can create a positive SafClim by following safety regulations,
including paying attention to safety signs, participating in safety
training workshops, enhancing their safety knowledge, and con-
tributing to safety activities. However, management should seek to
empower workers by allowing them to actively engage in safety ac-
tivities and decision making since poor training and inadequate
knowledge about safety regulations lead to decreased motivation for
adherence to these regulations (Williamson et al., 1997).

SafClim has been measured by evaluating different dimensions. For
instance, Zohar (1980) measured SafClim through appraising eight di-
mensions, namely “management commitment to safety, safety training,
the level of work risk, the status of safety officer, work pace, safety
committee status, effects of safe conduct on promotion and effects of
safe conduct on social status”. Dedobbeleer and Béland (1991) mea-
sured SafClim based on nine factors, namely “management’s attitude
toward safety, management’s attitude toward workers’ safety, fore-
man’s behavior, safety instructions, safety meetings, perceived control,
perception of risk-taking, and perceived likelihood of injuries”, cate-
gorized under two dimensions: management commitment, and workers’
involvement.

However, in some studies, SafCom was viewed as one of SafClim
dimensions. There is also a noticeable number of studies that never
considered SafCom as a SafClim dimension. Alruqi et al. (2018) re-
viewed studies on SafClim dimensions and found a third of SafClim
surveys for measuring SafClim considered SafCom as a SafClim di-
mension. Thus, there is no consensus on whether SafCom is one of the
SafClim dimensions. Lastly, viewing SafCom as an independent con-
struct distinct from SafClim enables us to have an in-depth investigation
of SafCom properties within a safety management system.

2.2. Safety Communication (SafCom)

Communication is a vital component of any system in which humans
are involved. Without effective communication, no meaningful and co-
herent activity can be performed successfully (Dainty et al., 2007). As
long as we promote communication between team members, we can
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ensure fewer conflicts, which in turn leads to enhanced project delivery
(Wu et al., 2016). SafCom is defined as the exchange and sharing of
safety knowledge among members of a community in order to perform
their tasks safely or to gain knowledge of risks. SafCom can be either
formal or informal. Formal communication refers to the exchange of
information carried out through predefined channels (Alsamadani et al.,
2013a, 2013b; Hallowell, 2011; Jaselskis et al., 1996; Rajendran et al.,
2009); it includes formal interactions with managers in the forms of
safety training, work orders, written notifications, safety signs, and
toolbox talks. Practical safety training is one of the essential elements for
the successful implementation of safety management systems
(Demirkesen and Arditi, 2015). Safety work orders including written
notifications, specific policies, procedures, and instructions are to be
followed by workers to keep the work environment safe. Toolbox talks
are safety-focused meetings that are held regularly at pre-runtime, before
the implementation of specific activities in the project to clarify safety
risks (Boud et al., 2009; Huang and Hinze, 2006).

Informal communications, on the other hand, are formed among the
members of a working group and may have no systematic basis
(Alsamadani et al., 2013; Schein, 1990). Informal exchanges can take
the form of mentorship, informal discussions, or using social media.
This kind of communication has a high potential for the transfer of tacit
knowledge. Mentoring is one of the oldest communication methods
which has continuously been used to transfer professional knowledge
from one generation to the next. In mentoring, workers acquire
knowledge empirically and learn corrective/preventive techniques
while assisting the mentor/master. Experienced mentors place a high
priority on safety, and therefore, their assistants learn safe working
conditions subconsciously and experimentally. According to previous
studies, informal SafCom is one of the most effective tools of crisis
management for public administrations to prevent safety incidents
(Tokakis et al., 2019). Social media such as Facebook, WhatsApp and
Telegram play a crucial role in working relationships as they enable
team members to share audio-visual and multimedia resources. In many
projects, social network applications are used to exchange information
and safety experiences (e.g., graphical safety guidelines, safety-based
training videos) outside of working hours (Wu et al., 2015).

Vecchio-Sadus (2007) conceived three features for effective SafCom:
(1) providing transparent communications and open discussions in
which people at any level can participate; (2) encouraging and sup-
porting safe behaviors by providing feedback to the individuals; and (3)
implementing educational safety programs in the field. Since most
workers in the construction industry are not highly educated and might
even be literate (Loosemore and Andonakis, 2007), visual educational
programs can provide a deeper understanding of occupational risks
(Lingard et al., 2015). In addition, safety regulations and policies can be
hard to grasp for construction workers and, therefore, the existence of
informal communications among workers, supervisors and project
managers is essential to explain policies and procedures. Given the
likelihood of language and cultural diversity among workers, tradi-
tional communication practices are insufficient (Wilkins, 2011).
Therefore, it is important to communicate safety issues in visual formats
to overcome communication barriers.

2.3. Safety climate and safety outcome

A project’s Safety Outcome (SafOut) is measured by the number of
incidents in the project. An acceptable SafOut is one with no or very few
safety incidents. Donald and Canter (1994) measured employees’ per-
ception of SafClim in more than 40 construction companies in the UK
and found that SafClim perception can be a valid and reliable parameter
to predict SafOut. In other words, they viewed SafClim as an effective
organizational factor for reducing risks and accidents. Similarly,
Hofmann and Stetzer (1996) examined 21 working groups in a petro-
chemical plant and found that unfavorable SafClim and unsafe working
behaviors are significantly associated with the occurrence of accidents,
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i.e., poor SafOut. Research shows that the cultural differences in dif-
ferent countries do not affect the relationship between SafClim and
SafOut (Bahari and Clarke, 2013; Barbaranelli et al., 2015).

Zohar (2010) expressed the need to identify the antecedents, mod-
erators, and mediators which affect the efficacy of SafClim. Although
the relationship between SafClim and SafOut is evident, it is unclear
whether SafClim impacts SafOut as a distal or proximal construct
(Stackhouse and McDouall, 2015). For example, Nahrgang et al. (2011)
claimed that SafClim is a proximal variable that has a direct effect on
SafOut. In contrast, Neal and Griffin (2006) asserted that SafClim is a
distal variable that affects SafOut through other constructs. Similarly,
Griffin and Neal (2000) showed that SafClim impacts SafOut through
safety knowledge and safety motivation. Christian et al. (2009) also
acknowledged that SafClim is a contextual factor that becomes effective
through tools such as communication, affecting SafOut as a distal
variable. One of the main goals of this study is to address this incon-
sistency in the literature by investigating the relationship between
SafClim and SafOut.

2.4. Safety communication and safety outcome

Many researchers argue that the exchange of safety information
(i.e., SafCom) is essential for effective safety management systems
(Cheng et al., 2012; Ferndndez-Muiiiz et al., 2009; Zhou et al., 2015),
and improving SafOut (El-Saboni et al., 2009; Nuntasunti and Bernold,
2006). The impact of SafCom on SafOut in construction projects has
been studied extensively (Allison and Kaminsky, 2017; Alsamadani
et al.,, 2013a, 2013b; Sawacha et al., 1999; Zou et al.,, 2017).
Alsamadani et al. (2013a) found that SafCom among all project partners
is essential to achieve optimal SafOut. They used social network ana-
lysis (SNA) to examine communications among workers and found that
the type and frequency of communications affect safety outcomes.
Further, signifying the importance of the quantity and quality of
SafCom among the team members, they listed four main attributes for
safe working environments: (1) formal communications with managers
at least once a week; (2) weekly informal SafCom among workers; (3)
formal safety training; and (4) use of different communication practices
during a month, such as training workshops, on-site meetings, and so-
cial media. Zou et al. (2017) found that using systems that could con-
tinuously facilitate communication, decision-making, and action could
improve SafQOut. Allison and Kaminsky (2017) also used SNA to ex-
amine SafCom among mixed-gender construction workers and found
that women, compared to men, had fewer communications and tacit
knowledge of work, and therefore, the SafOut of mixed groups might be
different. Also, they found that mixed groups had lower-density formal
communication networks and higher-density informal communication
networks compared to single-sex groups.

Open and frequent SafCom among workers and supervisors has been
highli as a distinguishing feature of organizations with high SafOut, i.e.,
low incident rates (Alsamadani et al., 2013a, 2013b). Some researchers
posit that the most successful supervisors are those who are willing to
launch open discussions about safety issues among workers with dif-
ferent professions and to advise on safety issues when needed (Mattila
et al., 1994; Niskanen, 1994; Simard and Marchand, 1994; Smith et al.,
1978). Therefore, the impact of high-quality and frequent SafCom on
improving the safety of a project is undeniable. In projects with effec-
tive SafCom, people carefully manage their behaviors to achieve greater
SafOut, which is a preventative factor against accidents (Loosemore and
Andonakis, 2007). Similarly, researchers found that strong SafCom is a
crucial factor in successful management and error reduction (Cigularov
et al., 2010; Parker et al., 2001; Van Dyck et al., 2005).

2.5. The relationship between safety communication, safety climate, and
safety outcome

In the construction industry, SafClim has mostly been measured
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irrespective of SafCom. A positive SafClim is an environment in which
employees feel free to discuss safety issues (Edmondson, 1996), and
therefore, create and promote open exchange about safety issues. On
the other hand, in a negative SafClim, workers cautiously comment on
safety-related issues because they are afraid of blame, punishment, or
reprimand by managers and supervisors. This type of communication is
well known as defensive communication in the literature (Hofmann and
Stetzer, 1998). Hofmann and Stetzer (1998) considered SafCom and
SafClim as separate major organizational factors to investigate the
causes of construction accidents (i.e., SafOut) and as a basis for creating
a learning system to learn from past negative experiences. Hofmann and
Stetzer’s study was conducted assuming that through SafCom, SafClim
can help apply lesson from past events to future events. Neal et al.
(2000) pointed out that many of the studies conducted until then
showed a positive relationship between SafClim and SafOut. Neal and
Griffin (2004) demonstrated that SafClim and SafOut are inter-
connected through safety behaviors. Other studies (Beus et al., 2010;
Christian et al., 2009; Clarke, 2006) showed that factors such as safety
knowledge and safety motivation have a mediator role in that re-
lationship. Kath et al. (2010) demonstrated that SafClim dimensions, as
well as employee-supervisor interactions, could predict improved
SafCom patterns among project members. Besides, Liao et al. (2014)
indicated that a positive SafClim leads to denser crew communication
patterns with fewer isolated members. These studies justify the pre-
sence of an association between SafClim and SafCom as well as in-
dependence of SafCom from SafClim. In another study, Albert and
Hallowell (2014) showed that accurately identifying hazards, and es-
tablishing SafCom to share known hazards are necessary to prevent
future accidents and injuries. They stated that ineffective communica-
tion channels, language barriers, and poor SafClim were among the
issues which impeded effective SafCom at construction sites. Using
SNA, they examined the relationship between SafCom and hazard
identification and found that when SafCom network is denser, more
risks can be identified by the groups, which in turn leads to better
SafOut. Hence, they indicate the existence of a relationship between
SafCom and SafOut.

In accordance with previous research, we propose that SafCom plays
a mediator role in the relationship between overall SafClim and SafOut.
Accordingly, this research aims to test this hypothesis (See Fig. 1).

Safety
Communication

C(@)

Safety Climate Safety Outcomes

Fig. 1. Conceptual model of the study.’

3. Methodology

A questionnaire was used to measure perception and understanding
of workers regarding the importance of safety in workplace (SafClim).
The questionnaire also included questions about the people with whom
each worker communicates during the course of the project. These
questions enabled us to form a network of interactions among all
workers in each project. Then, the communication structure among
workers (SafCom) was analyzed using SNA. After collecting the SafClim

! A represents the significance of the relationship between the independent
variable (IV) and the mediator variable (MV), B represents the significance of
the relationship between MV and the dependent variable (DV), and C and C'
represent the significance of the relationship between IV and DV, with and
without considering the presence of MV, respectively.
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and SafCom questionnaires, we interviewed project managers to collect
information about the number of workers at each project site during the
excavation stage, the number of accidents (SafOut), and the time span
of excavation.

Finally, the mediator role of Safety Communication (SafCom) in the
relationship between Safety Climate (SafClim) and Safety Outcome
(SafOut) were examined using correlation and regression tests within
each group of variables.

3.1. Data

Statistics released by the Administration of Labor Inspection (2016))
reported that occupational accidents in Iran, a developing country, is
about three times higher than in developed countries. Further, more
than 20% of work accidents in the construction industry take place in
the excavation phase, of which more than two thirds lead to severe
casualties. The number and severity of accidents during excavation call
for serious attention. Therefore, we studied the safety conditions of the
excavation phase in construction projects.

In the report by Administration of Labor Inspection (2016), Khor-
asan Razavi province ranked second in terms of the number of acci-
dents, after Tehran. Additionally, given the authors’ proximity and
easier access to construction workers in Mashhad (the capital of
Khorasan Razavi province), the city of Mashhad was selected for ana-
lysis.

The statistical sample of this research includes 36 deep excavation
projects. All selected projects fulfilled the following conditions: (1)
excavation in deep pits (deeper than 6 m), and (2) a minimum of 70%
progress by the time of data collection. The first criterion was applied to
ensure that crew size was large enough to allow communication with
co-workers. Besides, this condition excludes shallower pits which re-
quire fewer safety considerations. The second condition ensures that the
crew members could have been exposed to different types of incidents
during the project.

No institution keeps records on active construction projects in Iran,
regardless of their progress status. As Babbie (2015) stated, when the
members of a target population are difficult to locate, a snowball
sampling procedure is appropriate. In this study, an exponential dis-
criminative snowball sampling method was employed. This method
includes two main steps: First, identifying potential subject(s) (which
may result in only one or two subjects initially); and second, asking
selected subjects to introduce other subjects. Each subject gives the
researchers a number of referrals, but only one new subject is recruited
based on the aim of the study. These two steps are iterated until the
required sample size is reached. Although this method may seem to be
violating sample representativeness, it is the only choice when there are
no resources to find subjects of interest (Babbie, 2015).

A sample size of 36 was selected based on the method of analysis
(i.e., mediation analysis which includes linear regressions). According
to Field (2013), required sample size is governed by two factors; first,
the desirable effect size (i.e., how well prognosticator variables forecast
the outcome, represented by coefficient of determination (R?) in sta-
tistics), and second, how much statistical power is required to detect the
effect (i.e., the significance level of the b-values, or the significance
level of the regression model). Based on the benchmark provided by
Cohen (1988), the minimum required sample size for two predictor
variables (i.e., SafClim and SafCom) is 31. However, we selected 36
projects conservatively. Table 1 shows some features of the selected
projects.

In total, our sample population includes 259 workers and foremen
working in 36 projects. The size of the selected excavator crews varied
from 5 to 11 people. Details about the demographic of the re-
spondents are shown in Table 2. It is noteworthy that based on our
interviews with other excavation contractors, the demographics of ex-
cavation crews in our study resemble those of excavation crews in other
Iranian metropolises, except for unusual circumstances in which the
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Table 1
Project types and their statistics.

Demographic variables Total number (N = 36)

Number Percent (%)
Project type
Residential 10 27.8
Commercial 7 19.4
Hotel 7 19.4
Hospital 3 8.3
Others 9 25
Project duration
< 7 months 27 75
7 to 12 months 7 19.4
More than 12 months 2 5.6
Pit depth
6to 10 m 5 139
11 to 20 m 19 52.8
More than 20 m 12 33.3
Table 2

Respondents’ demographic information.

Demographic variables Total number (N = 259)

Number Percent
Education
Illiterate 27 10.5
Primary or incomplete secondary education 70 27
High school diploma 134 51.7
Bachelor’s degree 28 10.8
Marital status
Single 39 15.1
Married 220 84.9
Position
Supervisor 36 14.3
Worker 223 85.7
Age
< 20 years 1 0.4
20 to 25 years 64 24.7
26 to 30 years 158 61
31 to 35 years 31 12
More than 35 years 5 1.9
Work experience
1 to 5 years 210 81.1
6 to 10 years 47 18.1
More than 10 years 2 0.8

number of crews as well as crew size are increased to meet deadlines.

To collect data on SafClim and SafCom, project managers were
briefed about the aim of the research project and then, the research
team was introduced to the foremen of the excavator crews. Then,
foremen introduced the researchers to crew members and explained the
aim of the research and the contents of the questionnaires. Only then
did respondents complete the questionnaires. The mean time needed to
fill the questionnaires was about 25 min. We should note, the research
team read the questions for the 27 illiterate workers, provided addi-
tional explanations if necessary, and wrote their answers in the ques-
tionnaire. Overall, 259 questionnaires were distributed and all were
returned.

3.2. Variables

This section discusses the variables and metrics used to measure the
primary parameters of this study.

3.2.1. Safety communication

In order to quantify SafCom as a mediator variable in this study, we
considered the type of interactions among workers in a project. We first
used the classification of PMBOK (PMI, 2018) for types of
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communication in projects, i.e., formal and informal, and then ex-
tracted modes of communication from the literature (Alsamadani et al.,
2013a, 2013b; Hallowell, 2011; Jaselskis et al.,, 1996; Tokakis,
Polychroniou, and Boustras, 2019). Modes of formal communication
comprised ‘safety work orders’, ‘written communication’ and ‘safety
training’. ‘Informal discussion’, ‘toolbox talks’, ‘social network appli-
cations’, and ‘mentoring’ constituted the informal modes of commu-
nication.

Then, we surveyed four safety experts, each with more than
27 years of experience, to measure and rank the identified modes of
communications based on their relative effectiveness using pairwise
comparisons. We adopted the questionnaire developed by Alsamadani
et al. (2013a), in which the workers were asked to identify their modes
of communication for transferring safety messages (Appendix A).

Analytic Hierarchy Process (AHP) was deployed to judge the ef-
fectiveness of each mode of communication based on expert judgment.
AHP is one of the most appropriate methods for ranking a set of al-
ternatives (Forman and Gass, 2001; Ouédraogo et al., 2011; Petruni
et al., 2017). Having structured the hierarchy of a problem, AHP can be
implemented in three main steps:

3.2.1.1. Pairwise comparison matrices. This step is fulfilled by human
judgment. In this step, pairs of SafCom methods were compared by
safety experts. The pairwise comparison matrix A is an m X m real
matrix, where m stands for the number of selected criteria. Each entry
ay of the matrix A indicates the preference of the i criterion to the
j*criterion, where aysignifies the entry in the i*?row and the j"column
of A (Saaty, 1990). This step was conducted based on Saaty’s (1990)
fundamental preferences scale in Table 3.
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where CR is the consistency ratio, CI represents the consistency index,
and RI is the random consistency index.

CR

3.2.1.3. Ranking of instances. Once the priority vectors of criteria are
computed, priority vectors of SafCom instances are calculated based on
each criterion. Finally, by multiplying the SafCom instances matrix by
the weighted vector of criteria, the ranking order is established.

To perform AHP analysis, Expert Choice” 11.0 was used to calculate
the weights for each mode of SafCom, presented in Fig. 2. The con-
sistency ratio was 0.09, which is acceptable because it is less than 0.1
(Saaty and Vargas, 2012). As the results show, formal communication
modes were assigned greater weight based on expert judgment. The
obtained values were used for drawing the weighted SafCom network.

The numbers presented in Fig. 2 indicate the calculated weights that
AHP process uses to rank different modes of SafCom. Based on expert
judgment, safety work order was given the highest weight (0.264),
whereas social network applications (such as Instagram, Facebook,
WhatsApp, Telegram, etc.) obtained the smallest weight (0.036). In this
regard, weights indicate the degree of effectiveness.

3.2.2. Safety climate

SafClim was measured using a questionnaire adapted from
Dedobbeleer and Béland (1991). The responses were given on a seven-
point Likert scale arranged from 1 (very low) to 7 (very high). As shown
in Appendix B, the questionnaire consisted of 11 questions. To examine
the validity of the questionnaire, it was reviewed by two experienced
experts on safety management in the construction industry (each of
whom had more than 25 years of work experience). Based on their

Table 3
Fundamental preferences scale according to Saaty (1990).
Intensity of importance on an Definition Description
absolute scale
1 Equal importance Two instances of SafCom have equal effectiveness
3 Moderate importance of one over another Experience and judgment slightly favor one instance over
another
5 Essential or Strong importance Experience and judgment strongly favor one instance over
another
7 Very strong importance An instance is strongly favored and its effectiveness
demonstrated in practice
9 Extreme importance The evidence favoring one instance over another is of the
highest possible order of affirmation
2,4,6 Intermediate values between the two adjacent judgments When compromise is needed
Reciprocals If instance i has one of the above numbers assigned to it when compared with
instance j, then j has the reciprocal value when compared to i.
Rationals Ratio arising from scale If consistency were to be forced by obtaining n numerical

values to span the matrix

3.2.1.2. Priority computation and consistency assessment. Having built
matrix A, the priority vector, which is the normalized eigenvector of
matrix A, can be calculated. This vector indicates relative weights
among criteria or sub-criteria. Besides, AHP evaluates the consistency
of comparison using consistency index (CI), random consistency index
(RI), and consistency ratio (CR) based on equations (1) and (2). For a
consistent matrix, CI is zero, and CR is less than 10% (CR < 0.1),
meaning the subjective judgment can be accepted.

(Amax - Il)
(n-1 @

CI=

In equation (1), CI is the consistency index, A, is the maximum
eigenvalue, and n is the size of the measured matrix.

feedback, some minor modifications were made to the questionnaire
and then the final draft was prepared and distributed among the re-
spondents. Cronbach's a was used to check the reliability of the ques-
tionnaire. Cronbach’s a is a measure of internal consistency; that is,
how closely related a set of items are as a group (Field, 2013). Cron-
bach’s a can be obtained by equation (3) (Cronbach, 1951).

N¢

Cronbach’'sa = ————
7+ (N-1)¢ 3

where N is the number of items, ¢ is the average inter-item covariance
among the items, and 7 is the average variance.
Based on the results, Cronbach’s a was 0.79, which is within the

2Expert Choice is decision making software which performs AHP calcula-
tions.
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Effectiveness ranking for different
instances of SafCom
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Formal Communication

Expert 1 Expert 2 Expert 3 Expert 4
(0.25) (0.25) (0.25) (0.25)
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|

Informal Communication

Fig. 2. AHP structure for ranking different modes of SafCom using expert judgment.

acceptable limit. To test sample adequacy, Kaiser-Meyer-Olkin index
was calculated according to Hutcheson and Sofroniou (1999)
(KMO = 0.82, statistically acceptable). Further, the results of Bartlett's
test (P < 0.01) confirmed the internal consistency of the questionnaire
(Field, 2013).

3.2.3. Safety outcome

SafOut can be evaluated using leading and lagging indicators.
Leading indicators are those measures which do not necessarily need
retrospective data and can be used as predictors of future SafOut (such
as degree of safety compliance on jobsite safety inspections, earnest
promotion of jobsite safety, role of safety compliance in awarding
subcontracts, etc.). Lagging indicators compute SafOut after the oc-
currence of an incident which leads to loss (Hinze et al., 2013). Lagging
indicators comprise metrics such as the Occupational Safety and Health
Administration (OSHA) recordable injury rate (RIR); lost time case rate
(LTC); days away, restricted work, or transfer (DART) injury rate; or the
experience modification rating (EMR) for workers’ compensation. To
evaluate SafOut of the crews, we used RIR index since RIR is the only
indicator which can be calculated using data recorded for construction
projects in Iran. Eq. (4) was used to calculate RIR index for all 36
projects.

200, 000 X Number of Recordable Cases
Number of worked hours by employee (@)

RIR =

According to Bureau of Labor Statistics (2019), the 200,000 coef-
ficient in the equation (4) is used because it represents the standard
base rate of 200,000 labor hours. This number (200,000) represents the
number of hours worked by 100 workers who work 40 h per week,
50 weeks per year. The number of incidents in the excavation phase was
calculated by dividing the number of OSHA recordable cases by the
total number of workers at the construction site during the excavation
phase; the number of incidents and workers were obtained by con-
ducting interviews with project managers.

3.3. Analyzing safety communication networks

SNA was employed in order to investigate and measure the effec-
tiveness of communications among personnel. This technique has been
used frequently in SafCom literature to visualize and analyze commu-
nication patterns (Allison and Kaminsky, 2017; Alsamadani, Hallowell,
and Javernick-Will, 2013; Wehbe et al., 2016).

SNA was first developed by Moreno (1960) as a quantitative

analytical method to study social interactions among different groups.
Haythornthwaite (1996) used SNA as an analytical approach for
studying the exchange of resources among different stakeholders in
projects. SNA effectively analyzes social interactions among individuals
and organizations, and is able to uncover the underlying mechanisms
and dynamics that make such connections possible in complex systems
(Easley and Kleinberg, 2010). Compared to other methods, SNA has the
advantages of analyzing the structure of communications and gen-
erating metrics that can be studied as the indicators of a network’s
performance (Alsamadani et al., 2013a).

This technique has been used in the construction industry since
1997 (Loosemore, 1997). For instance, Wehbe et al. (2016) evaluated
the safety performance of construction projects using networked in-
teractions around safety issues and the system’s resilience to common
risks. They used metrics such as betweenness and closeness centrality,
average path length, modularity, and network density as indicators of a
project’s SafOut and resilience to incidents. In another study, Albert and
Hallowell (2017) used the network density index to measure SafCom,
betweenness, and degree centrality to examine the relationship be-
tween SafCom and identification of work-related hazards by crews in
the construction industry. Allison and Kaminsky (2017) also used me-
trics such as network density and node centrality to investigate the
safety of women in construction projects in the United States.

As noted above, SNA has a variety of metrics, each offering a unique
description of the communication network. In the present study, the
network density metric was selected to measure SafCom among
working groups.

Density is defined as ratio of the number of existing links in a net-
work to the total number of possible links, representing the extent to
which the members of a network interact with each other (Borgatti and
Everett, 2006). Network density for a non-weighted network can be
obtained using Eq. (5), and its value varies between zero and one.

Density = ;
n(n — 1) 5)
where | and n represent the number of links and nodes in the network,
respectively.

Since the standard formula for network density ignores links’
weights, this study introduces a new index called ‘weighted density’
(see Eq. (6)) to retain the information associated with the effectiveness
of communication among crews.
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n(n-1) .

; Wi

Weigthed Density = Z’ﬂ—
n(n —1) (6)

where Wi represents total weights available on edge i with n nodes, and
the denominator represents the total number of links in the network.

To form SafCom networks of the projects and analyze them, Gephi®
0.9.1 was used, and the communication patterns for all the 36 ex-
cavator crews were drawn. Density and weighted density of all the
networks were calculated using equations (5) and (6).

4. Results

Fig. 3 depicts the sociograms of weighted communication networks
for three sample excavator teams, with statistic on the number of in-
cidents for each team. In each network, ‘w’ stands for the workers, ‘sup’
represents the supervisor, the size of each node reflects the node’s de-
gree centrality, and a link’s thickness reflects the weight

In these samples, denser networks with more communications
among the members experienced fewer accidents.

4.1. Analyzing the relationship between safety Climate, safety
Communication, and safety outcome

IBM SPSS” 24 was used to examine correlations among constructs
(Table 4), conduct regression analysis, and validate research hy-
potheses (Tables 5 and 6).

Table 4 shows a significant negative correlation between SafClim
and SafOut (r = —0.712, P < 0.01), meaning projects with better
safety environments have a lower number of incidents (SafClim is sig-
nificantly associated with SafOut®), which supports the findings of
previous studies (Brondino et al., 2012; Kines et al., 2010; Li et al.,
2017; Zohar, 2010). The results also reveal that there is a significant
negative correlation between SafCom and SafOut (in both non-
weighted or weighted networks), meaning teams with denser commu-
nications (high SafCom) have a lower number of incidents (low SafOut).
That is, SafOut can be improved by increasing SafCom. This finding
supports the findings from previous studies on the relationship between
SafCom and SafOut (Albert and Hallowell, 2017; Allison and Kaminsky,
2017; Alsamadani et al., 2013a; Wehbe et al., 2016).

4.2. Mediation effect

According to (Hayes, 2017), when investigating how variable X ex-
erts its effect on variable Y, one (or more) intervening variable (M)
should be placed causally between X and Y to describe the mechanism
of action. Such variables are referred to as mediators. Mediation ana-
lysis tells us how antecedent variable X transmits its effect on a con-
sequent variable Y. Fig. 4 depicts a simple mediation effect model.

In order to perform a mediation analysis, the following three steps
were undertaken based on (Baron and Kenny, 1986; Field, 2013; Hayes,
2017):

(1) The independent variable (X) significantly predicts the dependent
variable (Y) and mediator variable (V) (C and A are significant or
their associated P values in linear regression analysis have to be less
than 0.05);

(2) M significantly predicts Y (B is significant or its associated P value
in linear regression analysis has to be less than 0.05);

3 Gephi is an open-source tool for social network analysis, network visuali-
zation, and pattern recognition in communication data.

“IBM SPSS is a statistical software which has been widely used for inter-
active, or batched, statistical analysis

5 Please note, Eq. (1) has been used to measure SafOut (higher number of
incidents, higher SafOut), and therefore, negative correlations mean a lower
number of incidents.
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(3) When controlling M, the effect of X on Y is no longer significant (C'
is non-significant, i.e., its P value should be higher than 0.05) or
decreases while remaining significant (C' remains significant, but at
a lower level which means P value has to be higher than 0.5 but
greater than its value in step 1) which account for total or partial
mediation, respectively. In other words, X must predict Y less
strongly in C' than in C. If one of the conditions in steps (1) or (2) is
not fulfilled, there is no mediation.

4.3. Analyzing the intermediary role of safety communication in the
relationship between safety climate and safety outcome

Here, we look at whether SafCom mediates the relationship between
SafClim and SafOut. A series of simple linear regression analyses were
conducted based on the method by Baron and Kenny (Baron and Kenny,
1986), with SafOut as the dependent variable, SafClim as the in-
dependent variable, and SafCom as the mediating variable.

4.3.1. Non-weighted networks

Firstly, the hypothesis was tested in non-weighted networks. The
results presented in Table 5, show that SafCom completely mediates the
effect of SafClim on SafOut. That is, SafClim significantly predicts
SafOut (P < 0.001,b = —40.64,t = —5.91, R> = 0.51) and SafCom
(P < 0.001,b = 0.11, t = 6.81, R> = 0.58). The relationship between
SafCom and SafOut is also significant (P < 0.001, b = —310.73, and
t = —6.36). Additionally, the relationship between SafClim and SafOut
loses its significance in the presence of SafCom (P = 0.42, b = —5.88,
and t = —0.82), which supports our hypothesis.

4.3.2. Weighted networks

In the next step, the hypothesis was tested in weighted networks.
The results presented in Table 6 show that SafCom completely mediates
the effect of SafClim on SafOut. In other words, SafClim significantly
predicts Safout (P < 0.001,b = —40.64,t = —5.91, R? = 0.51) and
SafCom (P < 0.001, b = 0.027, t = 8.95, R* = 0.71). Further, the
relationship between SafCom and SafOut is significant (P < 0.001,
b = —1703.02, and t = —6.47). Additionally, the relationship be-
tween SafClim and SafOut loses its significance in the presence of
SafCom (P = 0.529, b = —5.41, and t = —0.64), which validates our
hypothesis.

5. Discussion

As shown by the results, SafClim can enhance SafOut when there is
effective SafCom among crew members. In other words, SafClim di-
mensions will yield better SafOut when proper SafCom channels are
established, regardless of communication modes. Managers who place a
high value on safety are in touch with their employees and convince
them that safety should take priority over other project objectives such
as cost or schedule. Supporting this result, Bentley and Haslam (2001)
suggested that communications among managers and employees may
reduce the accident rate and promote safety performance in delivery
companies.

Project managers are expected to use a variety of formal and in-
formal communications to demonstrate their commitment to safety is-
sues (Baxendale and Jones, 2000). In this regard, Simon and Piquard
(1991) expressed that two-way communication channels established
among managers and employees are necessary to improve the safety
atmosphere. To create such an understanding among employees,
training courses, regular safety meetings, encouraging safe behaviors,
and punishing risk-taking behaviors can be useful. Similarly, Neal and
Griffin (2004) claimed that management should communicate and in-
teract with employees about safety issues and emphasize the high
priority of safety. Making safety equipment available to the workers
enables positive SafClim. Safety equipment may include personal pro-
tective equipment or safety systems at the project site. To use these
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a. SafCom network for a team without any . SafCom network for a team with 2
incidents.

incidents.

¢. SafCom network for a team with 6
incidents

Fig. 3. Weighted safety communication patterns of three sample crews.

Table 4
Means, standard deviations, and correlations of safety variables.

4 3 2 1 St.Dev. M Variable (n = 36)
1 0.75 3.78 1. SafClim
1 -0.712" 42,64  78.64 2. SafOut
1 -0.88" 0.759 0.11 0.59 3. Non-weighted SafCom
1 092 -0.883" 0.838 0.024  0.158 4. Weighted SafCom
** P < 0.01.

sorts of equipment correctly and efficiently, workers need to receive
training on their functionality, features, and limitations. Such training
is mainly provided by the manufacturer.

Another fundamental component of SafClim is work pressure. When
workload exceeds the capacity of workers, they cannot perform their
duties safely (Neal and Griffin, 2004). Urban et al. (1996) showed that
under work pressure, communications among crew members decrease,
leading to poor performance of groups. Park (2011) simulated an
emergency in the central control room of a nuclear power plant in
South Korea to measure the impact of communications on the proper
functioning of working groups. They found that people working in the
central control room experienced considerable pressure, and that es-

()

Fig. 4. Simple mediation effect.

tablishing reliable SafCom among the members of each working group
is required to maintain safety. The probability of human error increases
under pressure; thus, it is necessary to establish a prevention system
through communication to identify individual mistakes using collective
wisdom in order to enhance the performance of groups. Therefore, the
best and inexpensive way to deal with the safety risks associated with
work pressure is to develop communication channels between the
members of a working group.

Safety training, as another component of SafClim, includes planned
guidance and training in which knowledge about safety protocols,
technical skills, and work experiences is transmitted to individuals to
provide the necessary conditions for working safely. The recipients of

Table 5
Testing the hypothesis in non-weighted networks.
Test of mediation effect  The relevant relationship  Regression coefficient (b) T statistics (t)  Coefficient of determination (R?) P value Inference
Hypothesis  Condition (1): C —40.64 -5.91" 0.51 0.000 Total mediation
A 0.11 6.81% 0.58 0.000
Condition (2): B —310.73 -6.36" 0.78 0.000
Condition (3): c -5.88 -0.82" - 0.42
2 p < 0.001.
b b > 0.05.
Table 6
Testing the hypothesis in weighted networks.
Conditions The relevant relationship Regression coefficient (b) T statistics (t) Coefficient of determination (R?) P Inference
Hypothesis Condition (1): C —40.64 -5.91* 0.51 0.000 Total mediation
A 0.027 8.95% 0.71 0.000
Condition (2): B —1703.02 —6.47° 0.78 0.000
Condition (3): c' —-5.41 —-0.64" - 0.529
2 p < 0.001.
b p > 0.05.
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this information are the workers, and the instructors can be members of
the company or foreign consultants (Hallowell, 2011). If there are no
well-established communication channels between trainer and trainees,
safety knowledge will not be passed effectively. Along the same lines,
Wehbe et al. (2016) acknowledged that safety training is done through
the establishment of SafCom. Alsamadani et al. (2013b) argued that the
reason for Hispanic workers’ high fatality rate in the US construction
industry is the language and communication barriers that make safety
training taught in English unhelpful.

Safety inspection is another indispensable component of SafClim,
which is usually considered as an integral part of safety management
systems. Safety inspection seeks to control risk through early detection
of hazards and implementation of reforms (Woodcock, 2014). Ac-
cording to Mansdorf’s study (1993), safety inspection highlights issues
such as planning for safety inspections, collecting and aggregating in-
formation from previous incidents, reviewing guidelines and potential
incidents, and improving workers’ understanding of risks. After iden-
tifying a hazard, safety inspectors have to inform workers about the
issue; otherwise, a positive outcome will be unattainable and the risks
to workers will remain unknown. Also, incidents and safety inspection
reports should be documented for use in future safety training to pre-
vent reoccurrence of past mistakes. Van Dyck et al. (2005) defined Error
Management Climate (EMC) as the employees’ perceptions of organi-
zational practices related to communication of errors, sharing knowl-
edge about errors, assisting with errors, and quick detection and
handling of errors.

The goal of safety inspections is the early detection of hazards. Since
hazards are mainly due to human errors, the existence of communica-
tions is necessary for managing errors and safety inspections. In other
words, inspection is valuable when it can ultimately lead to the transfer
of results and lessons to the workforce. So, in the absence of SafCom,
safety inspection is incomplete and loses its effectiveness.

Safety practices at work include rules and regulations that are
drafted by official agencies such as OSHA. Safety experience implies the
adequacy and extent to which safety training, toolbox talks, safe
working conditions, and PPE are available at the construction sites. The
research conducted by He et al. (2016) showed that safety experience
and safety practices are correlated with work pressure. As previously
mentioned, work pressure is observed in the context of communications
among individuals and groups in the workplace. Safety practices and
safety experiences play a vital role in promoting SafOut, their effec-
tiveness depends on their transfer to the workforce, which in turn in-
volves the establishment of SafCom. If these conditions are provided, it
will be possible to promote safety; therefore, effective SafCom is in-
tegral to SafOut.

Although the creation of a positive SafClim is necessary to achieve
higher performance, enhancing SafClim alone will not suffice, and
performance will not improve if appropriate communication channels
are not established. Even in construction projects with stringent safety
rules and abundant safety resources, lack of proper communication can
lead to unsatisfactory SafOut. Fig. 3a and 3b depict the communication
patterns of two excavator crews with good SafOut. Fig. 3a depicts the
network for the excavation project of a hospital and has a network
density of 0.8. The existence of dense communications among the
members of the excavator crews caused the SafClim to have a sub-
stantial impact on SafOut, and as a result, no accidents occurred in the
project. Fig. 3b belongs to another excavation project with a density of
0.75, which experienced only two accidents in seven months. At the
opposite end, Fig. 3c shows the communication network among an
excavator crew with a network density of 0.43, which experienced six
accidents in four months (one of the worst SafOut among 36 projects).

6. Conclusions

It has been extensively argued that positive SafClim is needed to
enhance SafOut of construction projects. In previous studies, SafCom
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has mainly been considered as one of the dimensions of SafClim;
however, this assumption has led to the superficial examination of this
construct and its impact on SafOut. Additionally, this view of the re-
lationship between SafCom and SafClim precludes the study of inter-
actions between SafClim and SafCom in explaining SafOut. Therefore,
the critical contributions of this research were to consider SafCom as an
independent construct, investigate the relationship between SafClim
and SafOut, and study the effect of different communication modes on
this relationship in construction projects. For a more rigorous analysis,
we examined the effect of SafCom in weighted and non-weighted
communication networks. The results showed that SafCom (in both
types of networks) plays a mediator role in the relationship between
SafClim and SafOut; i.e., SafClim will have a significant impact on
project SafOut if effective communications are established among team
members.

This study contributes to safety literature by explaining the med-
iator role of SafCom on the relationship between SafClim and SafOut.
Unlike previous studies which examined the entire construction pro-
cess, this study focused on the excavation phase. Because the nature of
safety risks in different stages of construction projects is different, fo-
cusing on a single phase increases the validity of the results.

This research also has implications for construction practitioners,
explaining the importance of focusing on SafCom for improving SafOut
at construction sites. The results showed that contractors could increase
SafCom before and during the work by facilitating communications
between workers and supervisors. We also found that contractors can
achieve significant safety outcomes by transferring the lessons learned
at the end of the work. To achieve better SafOut in projects, it is re-
commended that project managers inform workers about the organi-
zation’s commitment to safety. To do so, managers may use different
communication channels such as regular group meetings, irregular
visits, and correspondence boxes. A mechanism must exist to facilitates
the establishment of various types of communications between all parts
of a project. It is vital that communications be inclusive since the per-
sonal characteristics of workers may isolate some and highlight others,
and as a result, safety issues may become of limited concern.

Workers must be ensured that their views are taken into account so
that mutual trust can be established. To this end, project managers
should provide workers with regular briefings on measures taken to
improve safety. Another helpful measure is to hold short informal group
meetings for each project on a daily basis. It is recommended that these
meetings be held for 45 min, after meals and rest periods. The meetings
should be supervised by the foreman for each group, and attendance
should be mandatory. Communications at these meetings should be
focused on safety issues, identified hazards, and how to handle safe
work while maintaining an acceptable speed. The output of such
meetings usually reveals a series of new needs or conditions that should
be presented at regular meetings with the project manager. Before work
begins, project managers should provide training courses for the
foremen on how to improve SafOut. In these courses, foremen need to
learn how to promote SafCom and ensure the effectiveness of commu-
nication channels.

It is recommended to create a virtual platform in each project under
the supervision of Chief HSE Officer. The platform should be accessible
by all members and present safety issues in attractive ways such as
short media. For example, if rain is anticipated at the construction site,
graphical warnings of work hazards in rainy conditions should be
shared. In this case, workers can step into the project site with a better
understanding of weather conditions and its potential risks and be
equipped with instructions to reduce the risk of accidents.

7. Limitations and suggestions for future research
Our research should be interpreted in light of the following lim-

itations. The first limitation of this research is its sample size. With a
larger sample size, research results can avoid potential issues of
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reproducibility, statistical power, and inflated effect size (Button et al.,
2013). Although the chosen sample size (considering the sampling
method) satisfies the statistical requirements, a larger sample size can
improve generalizability, reproducibility, statistical power and effect
size. Hence, future studies can examine our results using a larger
sample size. Also, the focus of this study was on the excavation phase,
so care must be taken in generalizing the results to other phases of
construction projects.

The other limitation of this study is expert judgment bias. As experts
are humans, their opinion may produce a cognitive bias (Arnott, 2006).
In order to lessen the expert opinion bias, a more extensive community
of experts can be employed if possible. Next, owing to the lack of of-
ficial reports on active construction projects in Iran, the only possible
and affordable sampling method to conduct this research was snowball
sampling. Although snowball sampling was the only promising alter-
native for such a condition, it may not be as representative as random
sampling; so it might be difficult to generalize the results beyond our
sample. In order to overcome this limitation, deploying a more re-
presentative sampling method (such as random sampling) is re-
commended.

Appendix A. Safety communication questionnaire
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In the present study, the recordable incident rate was leveraged to
measure project SafOut. Although it is frequently used as one of the
most common indicators for representing SafOut, being a lagging in-
dicator, it can only measure SafOut once incidents occur. Therefore,
recordable incident rate cannot provide a warning for upcoming in-
cidents (Hinze et al., 2013). It is recommended to use leading indicators
such as safety participation or safety compliance for measuring SafOut
in future studies (Hinze et al., 2013; Vinodkumar and Bhasi, 2010).
These indicators can provide the necessary information about the safety
of construction activities and have the ability to help decision-makers
adopt corrective approaches (Guo and Yiu, 2015).

Furthermore, as stated in Table 2, 27 out of 259 respondents to our
survey were illiterate and the research team had to transcribe their
answers. Although verbal descriptions were provided when reading the
questions, the transcription process may produce a marginal bias. In
addition, using Analytical Hierarchy Process (AHP) to rank responses
given on a Likert scale can lead to some inconsistencies. Therefore, to
reduce expert judgment bias, it is recommended to implement more
consistent methods such as fuzzy-based AHP to gauge the effectiveness
of communication channels and their impact on SafOut.

Age:
Education:

Construction work experience:
Position:

Number of work-related experienced incidents:

Name of individuals who
you PROVIDE safety
information to

Type of communication

First name Family Position Informal communication

Formal communication

name
Mentoring

Informal discussion Social network applications*

Toolbox talks Formal safety training Safety work orders Written notifications

* Social network applications denote applications such as Instagram, Facebook, WhatsApp, Telegram, etc.

Appendix B. Safety climate indicators

1. To what extent was your team's safety important to the project manager?

. To what extent has your supervisor emphasized safety?

To what extent has your supervisor complied with safety?

To what extent have safety regulations been implemented in this project?
To what extent have you had access to proper and safe equipment for work?

. To what extent have you been encouraged for following precautionary principles?

CENO U S wP

. To what extent was safety in your control?
10. To what extent has risk-taking been part of your task?
11. To what extent do you feel that an incident will happen to you in the next year?

To what extent have the Work Protection Committee meetings been organized regularly and effectively?

To what extent have signs, bulletins, and safety-related tracts been used at the construction site?
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