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1 Introduction
1.1 Background and motivation
The construction industry is commonly recognized as a vital part of the global economy
– contributing approximately 13% of the gross domestic product (GDP) (Schilling
2014). Although considered an essential contributor to the world’s economy, the
performance of the construction industry has not improved significantly in the recent
past. For instance, construction productivity has witnessed an annual increase of only
1% over the past 20 years compared to 3.6% annual increase witnessed in the
manufacturing industry (McKinsey 2017). Regardless of this slow growth, the industry
regularly records both a high number of fatalities and a high fatality rate relative to
other industries (BLS 2016; McKinsey 2017).
The lack of sufficient progress is primarily associated with the characteristics of the
construction industry. In general, the construction industry is a complex, dynamic,
fragmented, conventional, and volatile industry. The stagnated improvement in
performance resulting from the inherent characteristics of the industry limits the
potential of the industry. According to a study conducted by Barbosa et al. (2017),
growth in productivity is expected to contribute an additional $1.6 trillion of value to
the economy. Seven key actions – optimizing supply chain, re-educating workers,
improving on-site execution, rethinking the design process, integrated contracting,
infusing innovation, and reshaping regulation – are required in order to improve
construction performance (Barbosa et al. 2017). Among these key areas, innovation
infusion is considered to have the greatest potential to improve work productivity (by
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14% - 15%). Nevertheless, the infusion of innovation into construction operations has
lagged most other industries (Peansupap and Walker 2005).
1.1.1

Technology use in the construction industry

Over the past five decades, most industries have successfully improved the quality and
performance of goods produced through leveraging advancement in innovation.
Innovation can be defined as the implementation of a relatively new or significantly
improved

process

(practice)

or

product

(technology)

in

an

organization

(OECD/Eurostat 2005, Slaughter 1998). Given the conventional nature of the
construction industry, the rate of innovation integration in the industry is relatively low.
In fact, a recent study indicates that on average, construction companies spend less than
one percent of construction revenue on research and development and information
technology compared to three to five percent spent by most industries (Agarwal et al.
2016) (Figure 1.1). This low level of expenditures makes the construction industry one
of the least (only second to the agricultural and hunting industry) digitized industries.
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Figure 1.1: Investment in Technology relative to Total Revenue (Re-created using data
from Mckinsey Global Institute 2016)
Researchers suggest that in addition to the unique characteristics of the industry, cost
associated with change and the potentially radical nature of innovation are primary
reasons for the poor innovation integration observed in the construction industry
(Ozorhon et al. 2013).
It is important to note that although innovations require some degree of disruption, not
all innovations are considered radical. Slaughter (1998) classified innovation in
construction into five different models: Incremental, Modular, Architectural, System,
and Radical. These models are primarily differentiated by their degree of change from
status quo and level of interconnectivity with other components and systems in the
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construction operation. For instance, an incremental innovation is a small improvement
or addition to existing knowledge while a radical innovation is a breakthrough in
science and technology that significantly alters the status quo in the construction
industry - creating a new market in the process (Slaughter 1998). Most technologies
implemented on construction projects fall within incremental innovation. According to
Welch et al. (2015), the more a technology requires a departure from the existing way
a task is executed, the less likely it will be utilized by construction workers. While
innovation may primarily be incremental, many incremental innovations can eventually
lead to significant innovation in the industry (i.e., “cautious innovation” as opposed to
“risky innovation”).
Existing literature suggests that due to the vast opportunities associated with the
synergy between construction operation and technology use, there has been an
increased focus in developing technologies focused on improving construction
management performance (Smart Market 2017). As seen in Figure 1.2, various
technologies with the potential to improve work performance across the life cycle of a
construction project are commercially available. Some technologies such as virtual
reality and simulations are primarily used during the design and construction phases
while technologies such as building information modeling are integrated across the
entire life cycle of a project.
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Figure 1.2: Example of Technologies used in the Construction Industry (Image from
the WEF 2016)
Although most technologies used in the construction industry focus on supporting
productivity, a decent amount of technologies are increasingly used to improve worker
safety. Recent studies have highlighted the important role technology could play in
improving safety management in construction projects. Zhou et al. (2013) reviewed the
application of advanced technologies in construction safety management. Results from
the study identified about 30 types of technologies used in safety management based
on appearance in existing literature. As listed in Table 1.1, virtual reality and sensors
are the predominant technologies referenced in literature.
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Table 1.1: Advance technology used for safety management [Adapted from Zhou et
al. (2013)]
Advanced technology
Virtual reality
Sensors
Database
4D CAD
Robots

Appearance in literature
13
12
12
11
10

More recently, a report from SmartMarket (2017) indicates that approximately onethird of the sampled construction general contractors use drones to perform safety- and
non-safety-related inspections, such as reality capture. Although a fraction of the
respondents use technology in managing safety, a significant portion of construction
organizations do not implement safety technologies. One reason for the resistance to
technology adoption is the lack of information about how to effectively integrate a
technology into work processes (Rankin and Luther 2006).
1.1.2

Technology Integration Process

To ensure that the construction industry maximizes the potential of technology to
improve performance, procedures that reduce the entry barriers to these technologies
should be prioritized. For instance, it is expected that for technology to be successfully
used in the construction industry, the barriers highlighted above – in addition to others
not specifically mentioned - should be adequately accounted for during the technology
integration process (TIP). Unlike most industries, literature on construction technology
integration is sparse. The TIP can be defined as the phases a technology is required to
pass through prior to acceptance by the target end-user. It is important to note that
although the TIP could differ depending on the type of technology, organization size,
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location of organization, context, etc., the core phases and influential factors are
expected to stay the same (Rankin and Luther 2006). A proper understanding of the
stages that constitute an integration process is essential to the successful integration of
technology into a new environment.
Presently, literature on delineating the TIP in construction is sparse. Specifically, extant
literature on technology integration into construction operations suggests a lack of
cohesion/consistency in the core technology integration phases. Given the importance
of defined processes to successful evaluation outcome (Gambatese et al. 2017), this
inconsistency could deter the actual acceptance of a technology. Although presented
differently in several publications, the integration process typically includes:


need definition;



matching need and innovation;



initial adoption of the technology (adoption);



the actual use of the technology (implementation); and



extended use of the technology within and beyond a host institution or
organization (acceptance/utilization/usage).

Figure 1.2 depicts a high level summary of the TIP within the construction industry.
As indicated in Figure 1.3, integration may not always occur in distinct phases; rather,
some semblance of an overlap (transition) could occur depending on the context.
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Figure 1.3: Technology Integration Process
In certain cases, adoption of technology is considered actual use (or implementation)
(Lee et al. 2015). It is essential to clarify the difference between adoption,
implementation, and acceptance given that the processes required to adopt a new
technology or practice are not synonymous with those required to implement a
technology or practice.
1.1.2.1

Technology Adoption

Technology adoption is considered the first phase within the TIP since most
technologies are developed outside the adopting organization. Innovation adoption has
been studied extensively within the construction industry (Mitropoulos and Tatum
2000; Toole 1998). Adoption, in itself, is multifaceted. The first step is the recognition
that a need exists followed by searching for solutions. Next, an evaluation process is
initiated to determine the potential adoption of a technology or practice. Finally, a
decision to proceed (or not) with the implementation of the solution within a
department or across an organization is made (Mendel et al. 2008; Rankin and Luther
2006). During the adoption phase, it is paramount to capture the effectiveness of a
technology, end-users’ perception, and cost-effectiveness. Construction organizations
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mainly adopt technologies from external sources rather than invent them since adoption
of existing technologies or practices is considered cheaper and less risky (Manley and
McFallan 2003). Understanding the adoption process in its entirety reduces the
challenges associated with technology integration since adoption is considered the
primary step in the integration process (Wisdom et al. 2015).
1.1.2.2

Technology Implementation

Technology implementation consists of processes required to ensure the integration of
a new technology is successful. Contrary to Damanpour and Schneider’s (2008)
description of implementation as a subset of adoption, the author, in agreement with
Rogers (2003), argues that implementation is not synonymous with adoption since
adoption occurs prior to implementation. Specifically, implementation involves
choosing between available alternatives using a decision-making framework alongside
creating and executing change management protocols. Choosing between technology
alternatives is essential when more than one technology is available within the category
of technology that was adopted. The change management process is considered a key
factor that influences actual implementation (Paton and McCalman 2008; Peansupap
and Walker 2006). Considering the level of conservatism within the construction
industry, the execution of a change management process that motivates staff, provides
appropriate technical support and training, and is backed by top management is
essential.
1.1.2.3

Technology Acceptance/Utilization/Usage

Acceptance (or utilization) focuses on the extended use of the technology by end-users
across an organization. The rate of acceptance is a key measurement of technology
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integration success (Rankin and Luther 2006). Review of extant literature suggests that
research focused on technology acceptance/actual usage is growing (Lee and Yu 2015;
Lee et al. 2013; Son et al. 2012). To understand the factors that influence the actual use
of construction technology, construction researchers rely on models such as the
technology acceptance model (TAM), Theory of Planned Behavior (TPB), and TaskTechnology Fit (TTF) used primarily in information systems management research.
Researchers have successfully unearthed vital information on factors that influence
technology acceptance using these models (Lee et al. 2015; Peansupap and Walker
2005). Following the successful selection of an ideal technology and the execution of
an effective change management strategy, it is expected that the extended acceptance
of the technology will be organic and easy to achieve since key barriers to acceptance
were captured and overcome during a thorough adoption and implementation process.
1.1.2.4

Diffusion

Diffusion is “the process in which an innovation is communicated through certain
channels over time among the members of a social system” (Rogers 2003). Also,
diffusion can be used as a measure of the rate of adoption. According to Rogers (2003),
innovation can only be diffused when it has a relative advantage, is not complex for
end users, and is triable, observable, and compatible. Diffusion can be either internal
or external to an organization (Dewett et al. 2007). In most cases, companies are
concerned with the internal diffusion of a technology. Nevertheless, external diffusion
plays a vital role in company profitability as well. For instance, if a company’s
competitive advantage is connected to the use of building information modeling (BIM)
for project planning and execution, it is essential that BIM has diffused to the point
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where sub-contractors have access to it and are efficient. On the other hand, a company
could lose that competitive advantage if BIM diffuses to a point in which all contractors
achieve a high level of expertise in BIM utilization.
1.1.2.5

Cost Implications of Technology Integration

Integrating new technologies within an organization comes at a cost. For one, the
capital cost associated with acquiring new technologies and implementing new
practices, and the required learning period, could be a deterrent for construction
companies given slim profit margins in the construction industry. In addition, it could
be inferred that tight margins within the construction industry create a hostile
environment for integrating innovative ideas while providing little resilience
(tolerance) against a failed TIP.
A primary reason for slow technology integration in the construction industry is the
impact arising from the disconnection between the pre-determined timing of
investment-benefit expectation and the actual breakeven point during the innovation
integration process. For instance, when investing in the integration of software in a
company, top management might require a three month incubation period prior to
measuring visible benefits. In certain cases, this expectation is not actualized within the
stated timeframe leading to a truncated innovation integration process. It is important
to note that innovation integration could fail in any phase of the TIP leading to project
delays and cost concerns (Harty 2005). Sometimes, an organization is forced to initiate
a de-adoption process - a process of reverting back to the state before the innovation
was adopted - due to a lack of tangible results. This de-adoption process comes at a
significant cost (Chor et al. 2015). The sunk cost and time are expected to increase
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along the integration process. That is, the cost for truncating a technology integration
attempt at the adoption phase will be significantly cheaper than the outcome if multiple
employees are required to use a misaligned innovation. Figure 1.4 shows the breakeven
point along the TIP timeline. At the beginning of the TIP, organizations basically incur
a cost with little or no immediate return on their investment. The time taken to
breakeven depends on several factors such as an effective adoption process.

Figure 1.4: Technology Integration Breakeven Point

1.2 Motivation
Presently, limited research has been conducted to highlight ways in which technology
integration and de-adoption cost can be avoided or reduced. Rather, available
publications emphasize the need to improve innovation adoption (Ozorhon et al. 2016).
Hence, given the financial and schedule implication of a failed TIP, it is imperative that
effective protocols and tools are designed to guide decision-makers through the
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technology integration process. These tools are further necessitated given the
propensity of decision-makers in the construction industry to rely more on experiential
knowledge when making decisions (Chen et al. 2008). A primary reason cited by
researchers for the continuous dependence of decision-makers on experiential
knowledge is the scarcity of empirically-backed decision-making tools presently
available (Milch 2009).
It is hypothesized that by conducting an effective adoption process and improving the
quality of the adoption process, it will be easier for an organization to successfully
implement the technology (within a shorter time frame, with fewer resources), thereby
ensuring a high acceptance rate (diffusion). The reduction in overall TIP time will
ensure that breakeven is met earlier than expected or at least, within an acceptable time
frame. Changing the breakeven point in this way will ensure that the technology
becomes a standard within an appropriate time frame and budget. The concept of the
adoption-centered integration process is similar in construct to prevention through
design (PtD). PtD states that to reduce the exposure of construction workers to safety
hazards, it is more efficient and reliable to incorporate worker safety in the design phase
– the earliest possible phase. Similarly, the risk of a failed TIP and its associated cost
can be significantly reduced if the adoption phase of the TIP captures vital information
pertinent to a company or industry. By doing so, vital issues are identified and tackled
early on rather than relying on less reliable, downstream processes to identify and
mitigate the issues.
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1.3 Research Objectives
In some cases, researchers have argued against the validity of certain tools designed to
benchmark and improve organization and industry-wide performance due to the
dynamism of the construction industry. However, it is essential that adaptable tools,
grounded in scientific rigor are developed to encourage a repeatable and reliable
process within the TIP. Furthermore, prioritizing tools and procedures needed in the
adoption phase of the integration process is essential because it is expected that through
conducting an empirically-sound adoption process, decisions made downstream will
be enhanced. An effective adoption process will help reduce the time required to break
even while ensuring less effort is required when utilizing technology (see Figure 1.3).
Therefore, the present study aim’s to fill this research gap by first providing vital
information required to develop assessment tools followed by developing frameworks
that will assist construction project stakeholders involved in technology integration.
This aim will be achieved through the following objectives:
1. Identify, evaluate, and classify factors that can predict the adoption of a technology
in the construction industry
a. Identify key factors that can predict the adoption of a technology
b. Categorize technology adoption predictors into groups
c. Assess the importance of the identified predictors and the applicability of the
grouping systems
d. Verify whether the technology predictors (and level of importance) are
consistent across technology types
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2. Propose a framework to support decision-makers involved in assessing the adoption
and potential acceptance of safety technology
a. Determine significant factors and categories that impact construction safety
technology adoption
b. Develop a framework for assessing the viability of adopting a safety technology
c. Validate the proposed framework
3. Propose a protocol for evaluating the effectiveness of worker-centric safety
technologies in the construction industry
a. Develop and implement a repeatable and practical scientific evaluation protocol
for work zone safety technologies focused on construction workers
b. Assess the effectiveness of work zone intrusion alert technologies (WZIATs)
in a controlled environment and on actual projects
4. Propose, validate, and apply an adaptable technology adoption index for predicting
the potential adoption of construction safety technologies
a. Identify key predictors of construction safety technologies and categories
(similar to Objective 2a)
b. Develop a weighting system for each influential safety technology category
c. Develop and apply a construction safety technology adoption index
d. Validate the construction safety technology adoption index
5. Propose a multi-criteria decision-making framework for implementing safety
technology
a. Identify an effective implementation process for construction safety
technologies
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b. Provide detailed insight on each process leading up to technology
implementation
c. Propose and implement a Choosing By Advantages (CBA)-based decisionmaking framework to select appropriate safety technologies among alternatives
The tools developed will be explained in subsequent sections of the dissertation.
Although a TIP involves three phases, this dissertation focuses on developing tools for
adoption and implementation phases of the TIP. Also, the present study gives priority
to tools and procedures needed in the adoption phase of the integration process because
it is expected that through conducting an empirically-sound adoption process, decisions
made downstream will be enhanced. An effective adoption process will help reduce the
time required to breakeven while ensuring less effort is required when utilizing
technology (see Figure 1.4). The technology integration tools are primarily designed
and applied with less radical (incremental) technologies in mind given that most
technologies currently adopted in the construction industry fall within this innovation
model.
To ensure that the research objectives are sufficiently met, the following research
questions were developed to guide the study:
I.

What are the key predictors of construction technology adoption?

II.

Which predictors influence the adoption of technology the most?

III.

Can the predictors be successfully categorized into groups?

IV.

Is the level of adoption influence dependent on the type of technology?

V.

Can a construction safety technology adoption index be created?
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VI.

What are the steps required to effectively implement a safety technology in the
construction industry?

VII.

What features impact the use of safety technologies in construction work zones?

VIII.

Can a multi-criteria decision-making framework be effectively applied when
selecting between construction safety technologies?

Hypotheses established for the study in order to effectively answer the research
questions include:
Hypothesis #1: Factors that predict construction technology adoption will not
differ regardless of technology type.
Hypothesis #2: Each category of technology adoption predictor will have an
equal level of importance.

1.4 Outline of Dissertation
The dissertation consists of five (5) primary manuscripts covering various topics
pertinent to the study. Each manuscript is reported in a chapter (Chapters 2 – 6). In
total, the dissertation consists of seven (7) chapters which are summarized in this
section.
Chapter 1 provides an overview and introduction to the study. This chapter provides
valuable insight regarding the background of the study, motivation behind the research,
and outline of the study. Also, Chapter 1 includes a literature review covering
technology use in construction, the technology integration process, and barriers to
technology adoption.
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Chapter 2 presents the content from the investigation of predictors of technology
adoption, titled “Identifying Predictors of Technology Adoption in the Construction
Industry.” This portion of the study focuses on identifying factors that can predict the
adoption of technology within the construction industry. In this chapter, the predictors
are identified and evaluated using multiple research methods such as integrated
(structured) literature review, an expert panel, and a survey. A paper describing the
investigation will be submitted to an archival journal in the field of engineering
management. Chapter 2 represents “Manuscript #1.”
Chapter 3, titled “Developing and Validating a Construction Safety Technology
Adoption Framework (C-STAF),” assesses the impact that the predictors identified in
Chapter 2 have on the adoption of worker-centric safety technologies. Also, a
construction safety technology adoption framework (C-STAF) is proposed and
validated. Part of the content in Chapter 3 has been accepted for publication in the
proceedings of the Joint CIB W099 and TG59 Conference, Salvador, Brazil, 1-3
August 2018 while part of the chapter will be submitted to an archival journal. Chapter
3 can be referred to as “Manuscript #2.”
Chapter 4 provides vital information required to effectively utilize the framework
proposed in Chapter 3. This chapter, titled “Developing and Implementing a
Comprehensive Evaluation Procedure for Construction Safety Technology,” proposes
a protocol for evaluating the effectiveness of technologies used for improving worker
safety. The research output presented in Chapter 4 will be submitted to American
Society of Civil Engineers (ASCE) Practice Periodical on Structural Design and
Construction journal. Chapter 4 represents “Manuscript #3.”
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Chapter 5, titled “Developing, Validating, and Applying a Construction Safety
Technology Adoption Index,” involves proposing and validating a construction safety
adoption index for assessing the adoption potential of a safety technology. Using a
fuzzy synthetic evaluation process, the study contained in Chapter 5 proposes an index
incorporated in an assessment protocol for predicting the successful adoption and
acceptance of a safety technology. The index utilizes the outputs from Chapter 2, 3,
and 4. An extract of Chapter 5 will be published in an archival journal. Chapter 5
represents “Manuscript #4.”
Chapter 6 discusses the development of a tool that could be used to improve technology
integration at the implementation phase. Chapter 6 is titled “Development of a
Framework for Implementing Safety Technology in the Construction Industry.”
Relying on the choosing by advantage methodology, the study presented in Chapter 6
introduces a safety technology implementation framework that utilizes a multi-criteria
decision-making model. Part of this chapter was published in the Journal of
Construction Engineering and Management, ASCE, in January 2018. Chapter 6
represents “Manuscript #5”
Chapter 7 comprises the conclusions section of the study. Chapter 7 includes a
summary of how the research objectives were met, study limitations, recommendations
for implementation of the results, and suggestions for future research.
Figure 1.5 depicts the connection between each chapter (manuscript) in the dissertation.
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Figure 1.5: Research Summary (C-STAF = Construction Safety Technology Adoption Framework; C-STAI = Construction
Safety Technology Adoption Index; C-STEP = Construction Safety Technology Evaluation Procedure)
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2 Identifying Predictors of Technology Adoption in the
Construction Industry
2.1 Summary
Recent research trends suggest a growing awareness surrounding the application and
usefulness of technology in the construction industry. Regardless of the increased
investment in technology use within the construction industry, recent studies indicate
that the level of technology adoption and utilization is severely lagging behind most
industries. The ability to forecast an outcome, such as potential successful technology
adoption, is essential in an industry fraught with performance concerns and slim
margins. To date, little attention has been directed towards the need to review existing
knowledge of technology adoption predictors in the construction industry. The present
study presents a multiphase analysis of construction technology adoption predictors
which includes a structured review, input from an expert panel, and a survey of
construction professionals. A total of 26 potential technology predictors were identified
and distributed across four primary categories – environmental, individual,
technological, and organizational. Findings from the present study provide essential
information for practitioners and researchers involved in the construction technology
integration process. It is expected that utilizing the information provided, researchers
can conduct additional empirical studies to unearth key predictors for specific
technologies while practitioners could use the information provided as a checklist while
piloting technology integration.
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2.2 Background
2.2.1

Construction performance and potential impact of technology1

2.3 Barriers to technology adoption and acceptance
As highlighted above, implementing technology in construction has in most cases,
improved construction performance. However, several studies suggest the presence of
a considerable amount of resistance to technology adoption in the construction
industry. Researchers have pointed to reasons such as cost associated with
implementing a technology, lack of support from top management, fragmented
contractual relationships, and the potentially disruptive nature of innovation as primary
barriers to technology adoption (Ozorhon et al. 2013; Stewart et al. 2004). Although
the specific barriers to adopting a technology differ from one technology type to
another, the primary barriers are expected to remain consistent (Rankin and Luther
2006). For instance, in addition to the barriers mentioned previously, Chan et al. (2017)
reported that lack of government incentives/support and difficulties associated with
providing training for project staff as key barriers to green building technology
adoption. Likewise, Stewart (2004) suggests that lack of support from clients and
limited versatility (e.g., inter-operability between different applications) impacts the
adoption of enterprise resource planning tools. Furthermore, Chan (2014) suggests that
uncertainties surrounding data ownership, lack of standards, and lack of training,
education, and technical support are key barriers to adopting building information

1

Please refer to pages 1 - 5 for the literature review of this chapter
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modeling (BIM). Identifying these barriers plays an essential role in technology
integration since the barriers highlight areas that could hinder integration attempts.
Armed with this information, top management can assess the current state of an
organization prior to technology integration, leading to a decision to either shelve the
integration or provide (develop) strategies that could help mitigate the identified
barriers. Likewise, identifying predictors of technology adoption provides essential
insights that enhance the TIP in the construction industry.

2.4 Technology Adoption Predictors
A predictor can be defined as a characteristic or an event that foretells. That is, a
predictor is a characteristic that occurs while an action is taking place, favoring one
particular outcome (positive or negative). In certain cases, predictors are associated
with risk factors, drivers, and enablers. For instance, in epidemiological research,
predictors and risk factors are sometime used interchangeably when assessing a
phenomenon (Parsons et al. 1999). In the present study, technology adoption predictors
are factors that have the potential to influence and foretell the successful or
unsuccessful adoption of a technology in the construction industry. In addition to
technology adoption drivers and enablers, factors that constitute barriers to technology
adoption are also considered predictors. This consideration is based on the
rationalization that if a technology is not constrained by a specific barrier, the absence
of that barrier could predict the adoption of that technology since the likelihood of
adoption increases. For example, one key barrier to technology adoption is the lack of
support from top management. In this case, an unsupportive top management is
considered a negative predictor of successful technology adoption since an
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unsupportive management will likely have a negative disposition towards adopting a
technology. It is important to note that the absence of top management support does
not default to an unsupportive top management given that the level of support typically
falls within a spectrum, not a binary. It is expected that if a technology provides
sufficient utility in line with the core positive influencing factors (predictors, in this
case), the potential of the technology to be adopted increases. While technologies
characterized by negative influencing factors (barriers) will likely not make it through
the TIP.

2.5 Point of Departure
Given the excruciating need to improve project performance in the construction
industry and the synergy of technology and improved output, it is essential that
construction organizations increase efforts to integrated technology use in construction
work processes. The utilization of technology as a core part of construction operations
is expected to increase construction project performance – including worker safety,
work quality, and productivity (Barbosa et al. 2017). However, due to the inherent
nature of the construction industry, the adoption of technology continuously lags
behind most industries. Identifying predictors of innovation (technology and practice)
adoption is considered an essential step in improving the integration of innovation
(Wisdom et al 2013). Providing information on factors with the potential to predict
adoption is essential because this knowledge could inform more effective strategic
decision making. However, to the best of the author’s knowledge, no study has been
conducted focused on reviewing the primary predictors of technology adoption in the
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construction industry. Documenting and verifying the important predictors of
technology adoption is vital for the following reasons:
First, the absence of synthesized and validated information regarding predictors of
technology adoption deprives researchers of valuable references that could be used to
conduct additional empirical research. These empirical studies could focus on
identifying the critical predictors for adopting specific technologies. Secondly,
providing a consolidated checklist of primary technology adoption predictors will assist
decision makers in the construction industry to assess the potential of a technology
prior to investing significant capital into integrating a technology. Hence, the
aggregation of primary technology adoption predictors following a scientific process
grounded in academic rigor is needed.
The present study aims at filling this gap in knowledge by:
I)

conducting a structured review of studies that highlight the factors
(predictors) that influence the adoption of technology in the construction
industry; and

II)

evaluate the importance of the identified predictors using an expert panel
and national survey.

The outcome of this research study is expected to provide invaluable reference for
researchers and practitioners interested in and involved with construction technology
adoption.
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2.6 Methodology
The researcher adopted a multiphase/interactive mixed method approach to achieve the
study objectives. The multiphase mixed method is a combination of sequential and
concurrent triangulation methods that relies on both qualitative and quantitative data.
This method is considered a useful research protocol when investigating an overall
phenomena that requires incremental questions to a mixed audience (practitioners and
academics, for example). The proposed method is also used when the information
needed to answer the primary objectives of the study are perception-based (Abowitz
and Toole 2010). As mentioned previously, the primary research tools utilized for the
present study include a structured literature review, an expert panel, and a survey.
A structured review of existing literature on technology use in the construction industry
was conducted to identify key predictors of technology adoption in the construction
industry. The structured review process consisted of three phases as illustrated in Figure
2.1. First, keywords relevant to the study were identified and used to interrogate several
databases (e.g., “technology adoption drivers,” “innovation adoption predictor,”
“technology implementation drivers,” “innovation acceptance driver,” “technology
adoption barrier,” etc.). Specifically, the primary database consulted was Scopus since
it is widely used in literature review studies and is considered robust (Osei-Kyei and
Chan 2015).
Nevertheless, Web of Science was used as a secondary database to validate articles
found in Scopus, thereby increasing the meticulousness of the literature review process.
Next, the summative articles were inspected to identify those relevant to the present
study (Phase 2). Articles identified in Phase 1 were included if the following criteria
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were met: published in a journal or conference proceedings of repute, and included the
specified keywords in the title or abstract. Lastly, in Phase 3, each article related to the
study was reviewed and synthesized to extract key information pertinent to the study
(Figure 2.1).

Figure 2.1: Literature Review Structure
Given that awareness (appearance in literature, in this case) does not necessarily
connote importance, a panel of individuals with extensive experience in the
construction industry and construction research was consulted to determine the
relevance of the technology adoption predictors identified through the structured
review process. The experts were identified using a combination of purposive and
snowballing sampling techniques. First, the author sent emails-soliciting participation
in the expert panel-to personal contacts with extensive experience in the construction
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industry or/and construction research. Next, the identified experts were asked to
forward the email to individuals who have the experience to provide valuable insight
pertinent to the study. Similar to Tymvios and Gambatese (2016), qualification criteria
including years of experience, education, certification, etc. were used to determine a
participant’s level of expertise. Only responses from participants who met a pre-set
requirement were analyzed. The pre-set requirements, which were designed in line with
Hallowell and Gambatese (2011), involved meeting a threshold for the qualification
criteria listed above (experience, degree, etc.).
Next, a survey was designed and approved by the Oregon State University (OSU)
Institutional Review Board (IRB). In line with Abowitz and Toole (2010), the survey
was designed to capture qualitative and quantitative information using open-ended and
closed-ended questions, respectively. A Semantic Differential scale using Bipolar
Adjectives was adopted when designing the survey (Bailey and Pearson 1983). That is,
the survey was designed with questions that requested the participant provide answers
using a Likert scale with ratings from “1” to “5” representing level of importance where
“1” represents not important, “3” neutral, and “5” represents very important. In
addition, “6” was added to the Likert scale to capture potential “not applicable”
responses.
The intent of the survey was to determine if the technology adoption predictors
identified during the literature review are important and to investigate whether the
predictors (and level of importance) are specific to a group of technologies (e.g., safety
technologies vs. work quality technologies) or consistent across technology types. A
pilot survey was launched to determine face and internal validity prior to distribution.
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Subsequently, the survey was distributed nationally to elicit response on the importance
of the identified predictors from construction stakeholders.

2.7 Result and Discussion
2.7.1

Literature review

Phase 1: A comprehensive search of Scopus was conducted in Phase 1 using title,
abstract, and keyword searches. Keywords such as “technology adoption driver,”
“innovations adoption enablers,” “technology implementation barriers,” etc. were
employed to identify candidate publications. A total of 67 articles related to the
keywords were identified within Scopus. Results from a secondary search utilizing
Web of Science resulted in no additional articles. However the author probed specific
reputable construction management publishers such as the American Society of Civil
Engineers (ASCE) and Construction Management and Economics. This supplementary
probing led to identifying an additional 11 journal articles and conference proceedings
papers germane to the present study. In all, 78 articles were identified in the first phase
of the structured review process.
Phase 2: To ensure that only publications with sufficient information were included in
the present study, an additional visual validation was conducted. The validation process
included reading through the abstract and content of each paper to limit potential
research duplication and identify publications that are not an ideal match with the scope
of the present study. For instance, two journal papers, published by mostly the same
authors, focused on identifying barriers to the adoption of green technology. One of the
papers primarily focused on the US construction industry (Chan et al. 2017a) while the
other paper focused on the construction industry in developing countries (Chan et al.
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2017b). Similar barriers were identified and assessed in both papers so the author
dropped one paper. In addition, some journal papers were an extension of a conference
paper. In this case, the author dropped the conference paper. Following the visual
validation process, 34 journal articles and conference proceedings papers that met the
inclusion criteria were highlighted and analyzed.
Phase 3: In Phase 3, the researcher analyzed the candidate papers to identify factors
that can be used to predict the adoption of technologies in the construction industry. A
total of 22 predictors were identified through the structured literature review process.
In certain cases, predictors with a common undertone were combined to reduce the
potential redundancy. For instance, Nnaji et al. (2018) identified the level of sound
produced by a work zone intrusion alert technology (WZIAT) as an important factor
while Borhani (2016) identified a safety technology’s capacity to gather required
information as an import factor. This two factors were combined to form “proven
technology effectiveness.”
Next, the researcher evaluated the identified predictors in order to highlight
overarching themes. Using thematic coding, and in line with past studies (Wisdom et
al. 2015; Aarons et al. 2011; Feldstein and Glasgow 2008), the researcher grouped the
predictors into four distinct categories (contextual levels) – external, individual,
organizational, and technological. The thematic coding involved reviewing and
assigning each predictor to a contextual level based on the predictor’s characteristics.
For instance, “top management support” was assigned to the organizational category
due to top management’s extensive involvement in organization-level decisionmaking. Table 2.1 lists the predictors identified through the structured review process.
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Table 2.1: List of Technology Adoption Predictors and Categories.
Categories

Factors

Description of factors

Individual

Level of
Complexity

Ease of use

References

Borhani 2016; Sargent et al. 2012; Mitropoulos and Tatum
2000; Chan et al 2017; Peansupap and Walker 2005; Gao et
al. 2013; Rankin and Luther 2006; Nnaji et al. 2018; Son et
al. 2015
User
Has the features (technical
Godoe and Johansen 2012; Gambatese et al. 2017;
perception
attribute) end-users need
Mitropoulos and Tatum 2000; Peansupap and Walker 2005;
Gao et al. 2013; Ozorhon and Cinar 2015; Son et al. 2015
Technical
Technical support readily
Borhani 2016; Abubakar et al. 2014; Peansupap and Walker
support
available and required
2005
Training level Technology requires little training Borhani 2016; Al-Gahtani and King 1999; Abubakar et al.
2014; Mitropoulos and Tatum 2000; Won et al 2013; Chan
et al 2017; Peansupap and Walker 2005; Ozorhon and Cinar
2015; Chan 2014
Individual
No personal resistance to
Lee et al 2015; Sepasgozar and Bernold 2013; Peansupap
innovativeness adopting innovation
and Walker 2005; Son et al. 2015; Stewart et al. 2004
Peer influence Individual will use the technology Sepasgozar and Bernold 2013; Peansupap and Walker 2005;
because folks around them are
Nikas et al. 2007; Stewart et al. 2004
using it
Organization Cost savings
Using the technology will provide Borhani 2016; Peansupap and Walker 2005; Mitropoulos
positive return on investment
and Tatum, C 1999; Abubakar et al. 2014; Goodrum et al.
(ROI), benefit cost analysis
2011; Jupp 2014; won et al 2013; Chan et al 2017; Gao et al.
(BCA), etc.
2013; Gambatese and Hallowell 2011; Nikas et al. 2007;
Stewart et al. 2004;
Compatibility Implementing technology does
Sargent et al. 2012; Borhani 2016; Welch et al. 2015; Lee et
not severely disrupt current way
al. 2015; Mitropoulos and Tatum 2000; Peansupap and
of performing task (less
Walker 2005; Gao et al. 2013; Son et al. 2015
disruptive)
Competitive
Technology provides advantage
Mitropoulos and Tatum 2000; Peansupap and Walker 2005;
advantage
over competition
Gao et al. 2013; Gambatese and Hallowell 2011; Rogers et al.
2015;
Top
Management will champion
Borhani 2016; Venkatesh et al. 2003; Lee et al 2015 Sargent
management
technology use
et al. 2012; Won et al 2013 Mitropoulos and Tatum 2000;
involvement
Chan et al 2017; Peansupap and Walker 2005; Gambatese
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Organization
culture
Technology

Brand
Durability
Proven
technology
effectiveness
Reliability
Multi-purpose
(versatility)
Observability
Triability

External

Industry level
change
Government
policy and
regulation

Attitude towards innovation
(Spectrum of less to very
traditional)
Brand of the technology
Technology has a long shelf life
Technical attributes meets stated
performance
requirement/expectation
Technology is relatively failproof
Technology used for more than
one task; versatile
End-user can see the potential
impact on performance
End-user can try technology prior
to adopting
Required to remain relevance in
network (change among industry
stakeholders)
Required by regulation

External
competition

Competition adopted a similar
technology

Client demand

Client requires contractor to use a
specific technology

and Hallowell 2011; Rankin and Luther 2006; Ozorho and
Cinar 2015; Dossick, and Sakagami 2008; Nikas et al. 2007;
Son et al. 2015; Stewart et al. 2004
Lee et al 2015; Mitropoulos and Tatum 2000; Gambatese
and Hallowell 2011; Ozorhon and Karahan 2017
Sepasgozar and Bernold 2013; Chan et al 2017; Rivard 2000
Sepasgozar and Bernold 2013; Gambatese et al. 2017;
Rankin and Luther 2006; Dossick, and Sakagami 2008
Borhani 2016; Lin et al. 2014; Gambatese et al. 2017; Lee et
al 2015; Chan et al 2017; Goodrum et al. 2011; Rankin and
Luther 2006; Dossick, and Sakagami 2008
Sepasgozar and Bernold 2013: Gambatese et al. 2017;
Rankin and Luther 2006; Dossick, and Sakagami 2008
Sepasgozar and Bernold 2013; Gambatese et al. 2017;
Goodrum et al. 2011; Rankin and Luther 2006
Gao et al. 2013; Rankin and Luther 2006
Gao et al. 2013; Rankin and Luther 2006; Ozorhon and Cinar
2015;
Abubakar et al. 2014; Mitropoulos and Tatum 2000; Chan et
al 2017; Gao et al. 2013; Rankin and Luther 2006; Ahuja et
al. 2009
Abubakar et al. 2014; Mitropoulos and Tatum 2000; Chan et
al 2017; Gao et al. 2013; Rankin and Luther 2006; Chan et al
2018; Rogers et al. 2015; Blayse and Manley 2004; Ozorhon
and Karahan 2017
Abubakar et al. 2014; Mitropoulos and Tatum 2000; Rankin
and Luther 2006; Nikas et al. 2007; Ahuja et al. 2009
Abubakar et al. 2014; Mitropoulos and Tatum 2000; Chan et
al 2017; Gambatese and Hallowell 2011, Chan et al 2018;
Rogers et al. 2015; Nikas et al. 2007; Ahuja et al. 2009;
Blayse and Manley 2004; Nam and Tatum 1997; Bossink
2004; Ozorhon and Karahan 2017

33

2.7.2

Expert panel

In total, 15 participants responded to a request to participate in the study as expert
panelists. In order to objectively ascertain a participant level of expertise, a rating
system described by Hallowell and Gambatese (2010) and modified by Tymvios
and Gambatese (2016) was used to rate participants’ credentials. The adopted rating
system follows the point system described below:
•

Professional registration → 3 points per registration;

•

One year of professional experience → 1 point per year;

•

Conference presentation → 0.5 points per presentation;

•

Member of committee → 1 point per committee;

•

Chair of committee → 3 points per committee;

•

Peer-reviewed journal article → 2 points per article;

•

Faculty member at an accredited university → 3 points;

•

Author/editor of book → 4 points per book;

•

Author of a book chapter → 2 points per book;

•

Bachelors of Science (BS) degree → 4 points per degree;

•

Master of Science (MS) degree → 2 points per degree; and

•

Philosophy Doctorate (Ph.D.) degree → 4 points per degree

A close observation of the rating system suggests that the point distribution is
skewed towards academic professionals. Given that input from industry
professionals is essential to meet the objective of the present study, the researcher
elected to remove conference presentation, member of committee, peer-reviewed
journal article, author/editor of book, and author of a book chapter. Although
Hallowell and Gambatese suggested that an expert is adjudged by accumulating
scores in at least four categories with a minimum point aggregate of 11, Tymvios
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and Gambatese (2016) recommended that this requirements could be relaxed in lieu
of significant industry experience. Twelve out of the 15 respondents had at least 11
points and had points in at least three criteria. The distribution between academic
and industry personnel was even (six each). Table 2.2 summarizes the
characteristics of the expert panel. Academic respondents are identified with An and
industry professionals are identified with In.
Table 2.2: Characteristics of Expert Panel and Point Distribution
Identifier State

Highest Position
degree

Years of
License(s) Points
experience

A1

TX

PhD

Asst. Prof.

9

-

19

A2

IL

PhD

Asst. Prof.

9

-

19

A3

TX

MS

Asst. Prof.

17

PE

26

A4

MS

PhD

Asst. Prof.

3

LEED GA 16

A5

OR

PhD

Professor

29

PE

42

A6

CA

PhD

Asst. Prof.

10

PMP

23

I1

WA

MS

7

I2

OR

BS

17

CSP,
19
PMI-RMP
PMP
24

I3

OR

MS

16

PE

25

I4

ID

BS

10

PE

17

I5

MT

MS

10

CSP

19

I6

FL

MS

Program
manager
Snr.
Consultant
Construction
Manager
Service
director
Project
Manager
Project
manager

11

PMP

20

In terms of academic qualifications, approximately 84% of the respondents have a
Master’s degree or higher. In terms of work experience, responses varied between
3 years and 29 years. It is important to note that the experience reported in certain
cases (e.g., A1, A2, A3, and A5) is an aggregate of industry and academic
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experience given that some educators held industry positions prior to pursuing a
career in academia. In addition to collecting demographic responses, the
respondents were asked how often they are involved in making procurement
decisions. As shown in Figure 2.2, the responses suggest that all of the respondents
have some experience in making procurement decisions in the construction
industry. Thirty-three percent of the respondents are very involved in making
procurement decisions.

Figure 2.2: Level of Involvement in Decision Making regarding Procurement
Each expert was asked to rate the level of importance of each technology adoption
predictor. Participants were given the option to highlight factors that they believe
are not important technology adoption predictors. Also, participants were
encouraged to suggest potential predictors that might have been overlooked during
the literature review process. Results from performing a content analysis on the
comments received from the participants suggest the addition of three technology
predictors: organization’s technology budget, capital cost of the technology, and
partners adopt similar technology. Also, participants suggested that “level of
technical support available/required” should be split into two separate factors (i.e.,
“level of technical support available” and “level of technical support required”).
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Therefore, four additional predictors were included to the list of 22 key adoption
predictors leading to a total of 26 predictors. Table 2.3 summarizes the results from
a descriptive analysis of the respondents’ feedback on the degree of importance of
each technology adoption predictor (excluding the four additional predictors). Cost
savings from utilizing a technology was rated as the most important factor that could
predict the adoption of a technology in the construction industry while technology
brand was considered the least important (mean rating = 4.58 and 2.75,
respectively).
Table 2.3: Importance Rating for each Technology Adoption Predictor, where 1 =
not important, 3 = neutral, and 5 = very important (n=12)
Key Predictors
Potential cost savings from using the technology
Having the required features (technical attributes)
Reliability
Competitive advantage
Level of compatibility with current processes
Proven technology effectiveness
Client demand to use a technology
Level of complexity
Organization culture (receptive to change or not)
Technology durability
Level of training required
Top management degree of involvement
Industry-level change requires technology adoption
Versatility (Can be utilized for more than one task)
Level of technical support available/required
Potential level of resistance from employees
Government policy and regulation
Observability
Triability
Peer influence
Direct competitors adopt similar technology
Technology brand

Std.
Min. Max. Mean
Dev.
3
5
4.58 0.62
3
5
4.50 0.62
3
5
4.42 0.70
3
5
4.29 0.50
3
5
4.17 0.57
2
5
4.17 0.98
3
5
4.10 0.66
2
5
3.83 0.85
2
5
3.83 0.68
2
5
3.75 0.88
2
5
3.67 1.00
1
5
3.58 1.19
1
5
3.58 1.07
1
5
3.50 1.08
2
5
3.42 0.72
3
5
3.42 0.82
2
5
3.42 0.96
1
5
3.25 1.10
2
5
3.25 0.87
2
5
3.00 0.94
1
5
3.00 0.96
1
4
2.75 0.96
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The ranking of predictors and their degree of importance varied when split
according to occupation (industry vs. academia). Table 2.4 suggests that
respondents from academia and industry both ranked “potential cost savings from
using the technology” as the most important predictor. Although the ranking of each
predictor differed slightly, result from performing a nonparametric t-test (MannWhitney Test) showed there was no statistical significance difference when
comparing the result received from industry and academia participants.
Table 2.4: Ranking of Technology Adoption Predictors by Occupation
Key Technology Adoption Predictors
Potential cost savings from using the technology
Having the required features (technical
attributes)
Reliability
Competitive advantage
Level of compatibility with current processes
Proven technology effectiveness
Client demand to use a technology
Level of complexity
Organization culture (receptive to change or not)
Technology durability

Mean Rank
Combined Academia Industry

1
2

1
1

1
2

3
4
5
6
7
8
9
10

3
5
7
3
5
7
7
10

2
4
5
5
7
10
10
8

Also, participants were asked if the level of influence of each predictor on the
adoption decision differs depending on the type of technology (i.e., influence of
adoption predictors on safety technologies vs. influence of adoption predictors on
work quality technologies). As displayed in Figure 2.3, approximately 83% of the
respondents believe that the level of influence will differ somewhat depending on
the type of technology. This result implies that although cost savings in considered
the most essential predictor, generally speaking, in certain cases (e.g., worker safety
technology), emphasis might be on effectiveness of the technology and reliability.
Furthermore, participants were asked if the key predictors differed considerably
depending on the technologies. Most respondents indicated that although the
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adoption predictors differ from technology to technology, the list of predictors
provided represents the core predictors of technology adoption (i.e., other potential
predictors not listed could be spin offs of at least one predictor present in the current
list).

Figure 2.3: Level of Predictor Influence Relative to Technology Type (expert
panel)
2.7.3

Survey

To determine the extended usefulness of the identified and verified technology
adoption predictors, a survey was distributed to gain insight from construction
professionals. Two surveys, with similar content were distributed regionally and
nationally. The primary reason behind a two-phase survey process is to ensure
sufficient data required to perform statistical analysis such as a two sample t-test is
available.
First, the national survey was developed and distributed using Qualtrics, a
nationally respected web-based survey system (Hanna et al. 2016). The survey
included three primary sections: “Demographic Information,” “Technology
Adoption Predictors,” and “Safety Technology Adoption Predictors.” A pilot
survey was distributed to twenty individuals to determine internal validity and also
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set parameters for quality control (e.g., determine an average completion time). The
survey was distributed to construction workers in the U.S. using the extensive and
robust database maintained by Qualtrics (https://www.qualtrics.com/onlinesample/). In total, 201 individuals responded to the survey-including the 20
responses received during the pilot testing. The author included the response
received from the pilot survey given that the response showed high internal validity
when tested using Cronbach Alpha. It is important to note that individuals who
participated in the pilot survey were not targeted when distributing the actual
survey. Closer examination of the data highlighted some incomplete responses and
speeders/straight-liners (participants who chose the same option for most answers
in a row and finished the survey in less than one-third the average completion time).
Following the inspection, 159 responses to the national survey were considered
useful for further analysis (referred to as “Group A,” henceforth). Both samples
(Group A and Group B) were selected using the same selection criteria. For
instance, the respondents were required to be at least 18 years and actively involved
in the construction industry.
The regional survey, unlike the national survey, was distributed online using an
alumni listserve from the Oregon State University School of Civil and Construction
Engineering. The respondents were asked to provide demographic information and
to rate the level of importance of each technology adoption predictor for a workercentric safety technology. In total, 131 responses to the regional survey were
received of which 97 were deemed useful (referred to as “Group B,” henceforth).
Results from a descriptive analysis of the data received from respondents suggest
that the level of importance of each predictor differs somewhat. As displayed in
Table 2.5, participants ranked technology reliability as the most important predictor
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when assessing general technologies and worker safety technology. Although the
level of importance of most predictors remained relatively the same regardless of
technology type, most predictors’ were ranked differently (when comparing general
technology adoption and worker safety technology adoption).
Table 2.5: Ranking of Predictors for GTA and STA
Key Predictors
Potential cost savings from using the technology
Having the required features
Reliability
Competitive advantage
Level of compatibility with current processes
Proven technology effectiveness
Client demand to use a technology
Level of complexity
Organization culture
Technology durability

Predictors Ranking
GTA*

STA*

3
5
1
7
13
6
16
12
19
2

15
5
1
13
18
2
9
6
12
3

*GTA: General Technology Adoption; STA: Safety Technology Adoption
To gather additional insight regarding the potential difference in the degree of
importance of each predictor, respondents from Group A were asked if they believe
the level of importance for the predictors will differ based on the type of technology.
As described previously, the level of importance was measured using a 1 – 5 Likert
scale (an additional scale, “6”, was added to capture response from participants who
might think the predictor is “not applicable”). In this case, difference in level of
importance refers to a change along the 1 - 5 scale. For instance, the level of
importance associated with potential cost saving from using a technology could be
considered very important (between 4.0 and 5.0) for an efficiency optimizing
technology [e.g., Quick response code (Lee et al. 2018)]. On the other hand,
potential cost saving from using a safety technology could be considered an
important factor (between 3.0 and 4.0). Figure 2.4 indicates that most respondents
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(76%) believe that the level of importance for each technology adoption predictor
differs somewhat. That is, most participants believe that the predictors level of
influence when making an adoption decision varies extensively. For instance,
predictors-such as potential cost savings from using a technology- could have a
greater impact on a certain type of technology (e.g., productivity improvement
technologies) while having a limited importance for a different technology category
(e.g., worker safety technologies).

Figure 2.4: Level of Predictor Influence Relative to Technology Type (Survey,
Group A)
Although responses received from participants suggest that a predictor’s level of
importance differs depending on the type of technology (Figure 2.4), it is essential
to statistically verify if the level of importance is significant. Determining the level
of significance will define the generalizability of each predictor’s level of
importance. That is, if the predictor’s level of importance is significantly different
relative to the type of technology, it will be impractical to use a similar set of
predictors to evaluate a broad range of technologies. For verification purposes, the
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parametric test for difference in means was selected as an appropriate statistical
analysis.
Two t-tests - two sample t-test and paired t-test - were conducted using the available
data set. To justify the use of parametric t-tests, it is essential that the key
assumptions - dependence, normality, and equal variance - associated with the
approach are verified.
For the paired t-test (Group A), the questions from parts two and three on the survey
were compared. In part two of the survey, workers were asked to rate the level of
importance each influential factor had on the adoption of a technology (not
technology specific). In the third section of the survey workers were asked to rate
the same factors but this time, in the context of a worker safety technology (e.g.,
wearable safety device). The data is considered dependent given that the same
participant responded to both parts of the survey.
The data used for the independent t-test was pooled from two independent samples
(Group A and Group B). The second part of Group A’s survey was compared to the
responses received from Group B. Given that the data was collected from two
sources, the observations could be considered independent thereby making the
observations independent. The sample size requirement was met given that the
sample sizes for both groups are greater than 30 (Ghasemi and Zahediasl 2012). As
seen in Figures 2.5 and 2.6, the response distribution has a bell-like shape for the
Group A responses. Close observation of the data indicated that not all variables
were normally distributed. However, the sample sizes for Groups A and B (159 and
97, respectively) provide basis for ignoring the potential non-normal distribution
observed in some variables.

43

Figure 2.5: Normality Curve for "the level of training required" (Group A)

Figure 2.6: Normality Curve for "potential cost savings from using the
technology" (Group A)
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Levene’s Test of Equality was conducted to verify equality of variance within the
data. Some variables such as “potential cost savings from using the technology” and
“level of complexity” have unequal variance. Using IBM’s statistical package for
social sciences (SPSS) 24.0, two p-values values for determining the level of
similarity or difference were reported: one for assumed equal variance and the other
for equal variance not assumed. Assuming unequal variance provides a
conservative approach, limiting potential incorrect interpretation of the available
data.
Although the participants’ initial responses suggested that the level of importance
of each predictor differed relative to the type of technology (Figure 2.4),
information displayed in Table 2.6 suggest a divergence from the participants’
perception. Each respondent was asked to rate the importance of the adoption
predictors for general technology and then to rate the importance for worker safety
technology. Results from a paired t-test suggest that the mean value of only two
technology predictors (observability and reliability) out of the 26 technology
predictors rated by the respondents differed significantly. The 92% consistency
observed in the data suggest that the present study participants consider the
predictors to have a similar impact on technology adoption, regardless of the type
of technology.
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Table 2.6: Paired t-test Results (Group A)

Pair 1
Pair 2
Pair 3
Pair 4
Pair 5
Pair 6
Pair 7
Pair 8
Pair 9
Pair 10
Pair 11
Pair 12
Pair 13
Pair 14
Pair 15
Pair 16
Pair 17

Safety Technology Adoption Predictors
Complexity
Having the required features
Level of technical support available
Level of technical support required
Level of training required
Potential level of resistance from employees
Peer influence
Potential cost savings from using the technology
Level of compatibility with current processes
Top management degree of involvement
Technology budget
Capital cost
Organization culture (receptive to change or not)
Competitive advantage
Technology brand
Technology durability
Proven technology effectiveness

Mean
-0.059
0.086
-.0026
-.0035
-0.026
-0.153
-0.060
0.151
0.033
-0.041
0.149
0.102
0.027
-0.027
0.046
0.026
0.026

Std.
Sig.
Dev. (2-tailed)
1.031 0.480
1.185 0.375
1.064 0.760
1.003 0.640
1.022 0.753
1.174 0.112
0.985 0.457
1.090 0.089
0.979 0.679
1.112 0.658
1.002 0.107
0.905 0.211
1.273 0.797
1.102 0.755
1.076 0.598
0.927 0.727
0.996 0.745

Pair 18
Pair 19
Pair 20
Pair 21

Reliability
Versatility
Observability
Triability

0.171
0.164
0.170
0.100

0.961
1.045
1.056
0.981

0.030
0.054
0.048
0.214

Pair 22
Pair 23
Pair 24
Pair 25

Industry-level change requires technology adoption
Government policy and regulation
Direct competitors adopts similar technology
Client demand to use a technology

0.046
-0.073
-0.013
-0.128

0.948
0.997
0.819
0.906

0.549
0.369
0.842
0.087

Pair 26

Partner demand

-0.101 0.991

0.214

Given the possibility of recall bias associated with the design of the survey
[participants are required to complete two sections (general technology and safety
technology) of the survey with similar content], the researcher compared the mean
values of adoption predictors in Groups A and B (Group A = General Technology;
Group B = Safety Technology) (Raphael 1987). As seen in Table 2.7, the null
hypothesis (the mean values are similar regardless of the type of technology) was
accepted in 66% of the cases (17 out of 26). Adopting a conservative approach, the
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author elected to report the p-values that did not assume an equal variance. The
null hypothesis was rejected for the following technology predictors: peer influence
(p-value = 0.005), capital cost of technology (p-value = 0.000), technology brand
(p-value = 0.000), technology durability (p-value = 0.016), observability (p-value
= 0.013), triability (p-value = 0.040), industry level change (p-value = 0.000), direct
competitor adopts similar technology (p-value = 0.000), and partners adopt similar
technology (p-value = 0.000).
Table 2.7: Independent t-test Result (Group A vs. Group B)
Technology Adoption Predictors

Level of complexity
Having the required features
Level of technical support available
Level of technical support required
Level of training required
Potential level of resistance from employees
Peer influence
Potential cost savings from using the
technology
Capital cost of technology
Level of compatibility with current processes
Top management degree of involvement
Organization culture
Competitive advantage

Levene's Test for
Equality of
Variances

a*
b*
a
b
a
b
a
b
a
b
a
b
a
b
a
b
a
b
a
b
a
b
a
b
a
b

t-test for
Equality of
Means

F

Sig.

t

11.90

0.001

20.87

0

17.25

0

7.51

0.008

2.78

0.096

6.28

0.013

2.86

0.092

6.28

0.013

1.89

0.17

2.78

0.096

1.17

0.281

7.00

0.009

1.02

0.381

0.439
0.469
0.16
0.179
0.086
0.095
0.092
0.109
0.258
0.267
1.418
1.493
2.646
2.837
1.418
1.493
5.038
5.202
0.258
0.267
0.629
0.643
-0.541
-0.58
0.719
0.745

Sig.(2tailed)
0.661
0.640
0.873
0.858
0.931
0.925
0.927
0.962
0.797
0.789
0.157
0.137
0.009
0.005
0.157
0.137
0.000
0.000
0.797
0.789
0.530
0.521
0.589
0.563
0.469
0.492
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Organizations technology budget
Technology brand
Technology durability
Proven technology effectiveness
Reliability
Versatility
Observability
Triability
Industry-level change requires technology
adoption
Government policy and regulation
Direct competitors adopts similar technology
Client demand to use a technology
Partners adopts similar technology

a
b
a
b
a
b
a
b
a
b
a
b
a
b
a
b
a
b
a
b
a
b
a
b
a
b

7.00

0.009

4.67

0.032

8.82

0.003

11.37

0.001

16.12

0

1.17

0.281

14.60

0

8.02

0.005

0.32

0.575

16.12

0

3.83

0.051

4.51

0.035

5.47

0.02

-0.541
-0.58
9.166
9.843
2.315
2.422
-0.193
-0.215
-0.59
-0.68
0.629
0.643
2.303
2.515
1.929
2.067
3.906
4.002
-0.59
-0.68
6.523
6.817
1.139
1.182
4.217
4.492

0.589
0.563
0.000
0.000
0.021
0.016
0.847
0.830
0.555
0.497
0.530
0.521
0.022
0.013
0.055
0.040
0.000
0.000
0.555
0.497
0.000
0.000
0.256
0.238
0.000
0.000

a* Equal variances assumed; b* Equal variances not assumed
Based on the results from the surveys, the researcher posits that the predictors
identified in this study are important and can be utilized when evaluating a variety
of technologies. However, it is important to note that the technology adoption
predictors should be extended to incorporate other predictors specific to the
technology being evaluated.
Furthermore, although the rankings of the technology adoption predictors differ
across the three data sets (expert panel, Group A and Group B), the criticality
(critical nature) of each predictor remains relatively constant regardless of the data
set evaluated. That is, most predictors considered as critical [4 out of 5 (Kulatunga
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et al. 2009)] by the expert panel were also considered critical by the participants in
Group A and Group B.

2.8 Conclusions, Recommendations, and Future Research
As the construction industry continues to strive to improve project performance, the
introduction of processes and products that show potential to aid the push for
improvement will likely be adopted by organizations within the construction
industry. Previous studies identified the use of technology as the most promising
solution to the poor project performance observed in the construction industry.
Although technology has shown sufficient promise, resistance to adopting and
integrating technology into construction work processes still remains. One critical
reason is the cost associated with integrating technology into an organization’s
business procedures. Given the relatively high cost of adopting technology,
organizations require tools and critical information that could help limit the
potential of a failed adoption process. Identifying the key factors that predict the
potential adoption of a technology could help limit technology integration cost since
this information could be used to develop predictive tools for making effective
decisions. However, existing literature lacks a structured summary of key predictors
of technology adoption. The present study fills this gap in knowledge by
synthesizing existing literature and analyzing insights from construction
professionals.
The present study identified 22 technology adoption predictors through a structured
literature review process. Experts consisting of professionals from the construction
industry and academia validated the importance of the identified predictors and also
suggested additional influential factors increasing the pool to 26 technology
adoption predictors. Furthermore, results from a regional and national survey
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substantiated the importance of the identified predictors. Technology reliability,
potential cost savings, and client demand were consistently ranked as important
factors while technology brand was considered to be the least important predictor.
Also, results from the study suggest that the predictors identified in the present
study could be utilized for a variety of technologies. However, the list could be
expanded to include predictors specific to the technology under consideration.
Ideally, to verify that a factor is a predictor of an outcome, a causal relationship
should be proven. The present study focused on identifying potential predictors of
technology adoption. These factors are considered predictors given the response
received from the expert panel and survey respondents. However, the predictive
capacity of the factors identified through the present study should be validated using
a predictive model such as general linear model (GLM), partial least square (PLS),
Natural Language Processing (NLP), etc. Regardless, the primary objectives of the
present study were sufficiently met following a process supported by scientific
rigor.
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3 Developing and Validating a Construction Safety
Technology Adoption Framework (C-STAF)
The content of Chapter 3 is an adapted version of two conference papers:
Nnaji, C., Gambatese, J., and Eseonu, C. (2018). “Theoretical Framework for
Improving Adoption of Safety Technology in Construction Industry.” 2018
Construction Research Congress (CRC 2018), New Orleans, LA.
Nnaji, C., Gambatese, J., and Karakhan, A. (2018). “Predictors of Safety
Technology Adoption in the Construction Industry.” 2018 CIB W099 International
Conference, Salvador, Brazil

Results from the research activities described in Chapter 2 suggest that the
identified technology adoption predictors could be useful regardless of the type of
construction technology. However, to develop tools specific to a technology type
and category, it is important to assess the importance of the predictors relative to a
specific technology group. Chapter 3 assesses the importance of the technology
adoption predictors relative to worker safety technologies. Information generated
from the analysis was used to develop a framework for guiding the safety
technology adoption process.

3.1. Summary
Prior studies indicate that safety performance is one of the major determinants of
overall organizational success and project performance outcomes. Nevertheless,
safety performance in the construction industry is still unsatisfactory and a major
source of concern to construction stakeholders. In other industries- such as the
manufacturing industry-where safety performance has improved, technology is
leveraged extensively in order to reduce worker exposure to potentially hazardous
situations. Whereas, in the construction industry, the adoption of technology has
been limited; although recent trends indicate an upturn in the use of technology in
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managing construction operations. Researchers argue that further technology
adoption is needed especially with respect to safety in order to improve safety
performance in the construction industry. The present study describes the
intersection between safety and technology, presents the current state of technology
use in safety management, proposes a technology adoption framework informed by
a review of existing literature, and presents insights collected from 257 construction
professionals on how to improve safety technology adoption in construction.
Results from the study indicate that the use of technology in safety management is
limited and currently only one-fifth of the construction industry in the US, or less,
incorporates advanced technologies such as drones and wearable devices to
improve safety management. In total, the framework includes 26 predictors
distributed into four categories influencing safety technology adoption in
construction: environment-related, individual-related, organization-related, and
technology-related. Furthermore, findings from the survey indicate that all
identified predictors are important to improve safety technology adoption. It is
expected that the proposed technology adoption framework and the identification
of influencing predictors can help improve the adoption of safety technology in
construction.

3.1 Introduction
The importance of the construction industry to economic development cannot be
overlooked. In 2016, the construction industry contributed approximately $793
billion to the US gross domestic product (GDP) (BEA 2017). To produce this level
of output, the construction industry relies heavily on people. In fact, the US
construction industry employs approximately 70 million people, and the
employment rate has been steadily increasing especially over the past five years
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(BLS 2018). Although the construction industry spurs the economy positively
through employing a relatively high number of people, the reliance on human input
as a core component in the construction process comes at a high cost. Poor project
performance, which emanates from both the reliance on people and the dynamic
and fragmented nature of the industry, is another serious concern in the construction
industry. Safety is an area of construction project performance that has lagged
compared to other industries. Over the last decade, the US construction industry has
constantly recorded the highest number of workplace fatalities compared to other
industries. In fact, a construction worker dies every nine hours in the US (BLS
2017).
To reduce the number of injuries and fatalities in the construction industry,
researchers and practitioners have focused on improving hazard recognition
training methods, improved onsite safety supervision, job hazard analysis, and other
traditional safety management methods (Hallowell and Gambatese 2009; Jeelani et
al. 2017). Lately, innovative methods such as the use of technology have received
momentum as effective means to enhance workplace safety conditions.
Technologies such as building information modelling (BIM), laser scanning,
unmanned aerial vehicle (UAV), and wearable devices, among others have been
implemented on construction projects to improve worker safety. However, a recent
study conducted by the Center for Construction Research and Training (a.k.a.,
CPWR) indicates that only a small fraction (less than 25%) of sampled construction
companies utilize emerging technologies for safety management (SmartMarket
Report 2017).
As more technologies are developed or adapted for safety purposes, it is essential
to unearth ways to improve the integration of technology within safety management
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practices. In most cases, a technology goes through three phases prior to becoming
a standard practice in an organization. These phases include technology adoption,
implementation, and acceptance (or utilization). Given the level of fragmentation
within the construction industry and the different construction means and methods
adopted among construction organizations, it is essential to develop a technology
adoption framework regardless of type of organization. This framework should be
compatible with traditional project management practices typically used in
construction especially with respect to safety technology adoption. Current
literature on the intersection between safety and technology focuses primarily on
evaluating the effectiveness of safety technologies and assessing the return-oninvestment (ROI) of implementing safety technologies (Nnaji et al. 2018).
Technology effectiveness and ROI are two of several factors that could influence
the potential adoption of safety technologies.
The goal of this part of the study is to investigate factors influencing safety
technology adoption in the construction industry. Although studies focused on
technology adoption drivers and barriers in construction exist among extant
literature, there have been limited studies focused on determining the factors that
could predict the adoption of safety technology. It could be argued that safetydriven decisions should not be assessed using similar parameters/metrics applied to
other project indicators considering safety’s societal impact. In addition, given the
extended intangibles associated with worker safety, it is essential that decision
making processes associated with safety management are treated independently. It
is believed that increased safety technology adoption can curb the increasing
number of workplace injuries and fatalities in the construction industry.
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3.2

Literature Review

Safety management is the application of project management techniques and best
practices to improve workplace conditions and mitigate potential workplace
hazards (Hinze 1997). However, the effectiveness of many management techniques
and best practices in influencing safety performance outcomes remains uncertain.
That is, most project management techniques and best practices implemented to
enhance workplace safety conditions focus on improving employee awareness and
behaviors as they relate to safety, as opposed to eliminating potential workplace
safety hazards. Improving employee awareness and behaviors may or may not
improve project safety performance. Because of this limitation, construction
stakeholders have started to turn their eyes toward other potential methods to
influence project safety performance such as design for safety and the use of
technology (SmartMarket Report 2017).
The present study focuses primarily on the use of technology to improve safety in
design and construction. In this regard, previous studies indicate that the use of
technology in the built environment has led to numerous safety and non-safety
benefits (Ozorhon and Oral 2016) although the adoption rates have been relatively
slow or at least slower than other industries such as manufacturing (SmartMarket
Report 2017).
In the design and planning stages of the building process, construction professionals
have been incorporating virtual reality technologies into their projects to minimize
potential construction hazards early in the project design phase (Waly and Thabet
2003). Perlman et al. (2014) conducted an experimental study to examine the impact
of technology, especially virtual reality technologies, on hazard identification. The
study revealed that most construction professionals, even those with many years of
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experience, may not be able to identify a high percentage of workplace hazards
when using traditional 2D drawings, but the percentage can be significantly
improved when virtual reality technologies are utilized (Perlman et al. 2014). The
reason that the percentage of workplace hazards identified improved when
technology was utilized is that the virtual reality environment enabled through
technology adoption helped visualize the physical and functional characteristics of
a project, making it possible to determine potential safety and non-safety issues
before the start of construction.
Many construction professionals have been using BIM to improve design features
(Sebastian and van Berlo 2010), construction planning activities (Sulankivi et al.,
2010), communication among project teams (Ganah and John 2015), and other
project-related processes and outputs. All of the aforementioned improvements are
also expected to lead to improved workplace safety performance. Similarly, drones
have been recently utilized to improve safety performance in construction. A recent
national survey indicated that approximately one-third of construction general
contractors use drones to perform safety- and nonsafety-related inspections, such as
reality capture (SmartMarket Report, 2017). Performing reality capture especially
in high-risk situations can eliminate a significant percentage of workplace risks and
lead to improved safety performance outcomes.
The use of wearable safety devices, such as smart helmets, has also received
substantial attention in construction over the past several years (Awolusi et al. 2018)
as an effective, easy-to-use, and inexpensive safety tool. Many other technologies
have been previously tested and proved to be effective in improving workplace
conditions and safety performance outcomes. Nevertheless, the predictors of safety
technology adoption in construction at an organization level have not been
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adequately studied and identified. The present study aims to bridge this knowledge
gap by: (1) identifying and evaluating the level of importance of predictors that
could influence adoption of safety technology in construction, (2) developing a
safety technology adoption framework, and (3) validating the developed safety
technology adoption framework with feedback from a panel of experts on the topic.
It is expected that development and validation of the safety technology adoption
framework will help construction organizations evaluate the feasibility and
suitability of different technology alternatives using a standard and validated
evaluation process.
3.3

Methodology

To achieve the objectives of the study, a concurrent triangulation process that relied
on a cross-sectional survey of, and in-depth interviews with, construction
stakeholders was utilized to provide additional contextual information on factors
influencing safety technology adoption in construction. First, an in-depth review of
existing literature on the topic was conducted to identify factors that influence the
adoption of a technology.
Next, a survey designed by the researcher and approved by Oregon State
University’s (OSU) Institutional Review Board (IRB) was utilized to verify the
identified factors and quantify their level of importance on influencing the final
decision whether to adopt a worker safety technology or not. The survey questions
were designed using a 5-point Likert-scale ranging from 1 to 5 where “1” represents
not important, “3” represents neutral, and “5” represents very important. A pilot
survey was launched prior to the dissemination of the survey to determine face and
internal validity.
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Subsequently, the survey was distributed nationally to elicit responses from
construction stakeholders on the importance of the identified factors. After that, the
identified factors were classified into four categories that influence decisions of
safety technology adoption and, based on that, a safety technology adoption
framework was developed. Finally, in-person interviews with selected construction
contractors were conducted to modify and validate the proposed safety technology
adoption framework.
3.4

Results

In total, 26 potential predictors were identified through a structured review process
and expert panel consisting of 12 experts across industry and academia. These
predictors

were

distributed

across

four

categories–external,

individual,

organization, and technology-using a thematic coding process supported by
previous studies (Wisdom et al. 2013). The description and details of the structured
review process and expert panel formation as well as the results was discussed in
Chapter 2.
A total of approximately 2,200 survey questionnaires were distributed to
construction personnel via email using the OSU Civil and Construction Engineering
(CCE) alumni listserve (about 700 email addresses) and a construction professional
database managed by Qualtrics Analytics (about 1500 email addresses). A primary
reason for distributing the survey using Qualtrics Panel was to ensure an appropriate
representation from different states in the U.S. Achieving an adequate spread across
the U.S. improves the quality of the response, thereby increasing the
generalizability of the results from the current study.
Given that two non-distinct sources where utilized to solicit construction
professionals’ participation, the researcher initiated the OSU CCE list serve survey
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only after responses had been received from Qualtrics. A request asking individuals
who participated in the study launched by Qualtrics not to participate was included
in the survey sent out through the OSU CCE listserve. It is expected that providing
this instruction should prevent duplicated responses since construction
professionals are known for not participating in surveys and participants had no
incentive to complete the second survey. However, the author acknowledge a
potential limitation with the sampling technique given that it is somewhat
impossible to conclusive eliminate possible duplications.
A total of 292 responses were received of which 257 were sufficiently complete.
The number of responses received is equivalent of 13.3% but the complete
responses account for an 11.6% response rate. Although low, the response rate is
not untypical compared to other construction management related studies (Bing et
al. 2005).
3.4.1

Geographical Spread

Review of the geographical distribution of the survey responses indicates that
responses were received from 46 states spread across the five regions in the U.S.
(Figure 3.1). At least three responses was received from 50% of the states in the
U.S. Oregon and California recorded the most responses -68 and 31 responses,
respectively. This observed skew is likely due to the number of responses received
through the OSU CCE list serve.
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Figure 3.1: Response Distribution across the United States
3.4.2

Industry-Level

The present study drew participation from various work roles within the
construction industry. The present study primarily targeted contractors given that
the scope of the study is focused on identifying predictors of technology used to
improve construction worker safety. About 61% of the responses were generated
from general contractors while subcontractors provided about 24% of the responses
(Figure 3.2).
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Figure 3.2: Response Distribution by Work-Role within the Construction Industry
(n=292)
The participants were asked to indicate the type of projects executed by the
company they work for. Figure 3.3 shows that respondents are involved in a broad
spectrum of projects. Most participant organizations are active in the commercial
(63%) and residential (52%) construction sectors.

Figure 3.3: Response Distribution by Type of Projects Executed (n=289)
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3.4.3
3.4.3.1

Company Size
By Number of Employees

Figure 3.4 indicates that approximately 23% of the responses received were from
individuals who work for organizations with less than 10 employees. Conversely,
12% of the survey respondents indicated that they work for companies with over
1000 employees. According to Dozier and Chang (2006), company size plays a role
in behaviors such as decision-making. Larger organizations tend to have more
structures in place to help guide decision making while smaller organizations lack
similar resources. It is expected that the higher the amount of bureaucracy, the less
variance in organization behavior.
Previous studies relied on grouping companies into categories using number of
employees to generate more generalizable (representative) results. In the present
study, the author relied on past studies in the construction industry as a guide to
classifying companies by number of employees. A classifying system used by
Kheni et al. (2010) and Lu et al. (2008) was used to categorize the responses
received from respondent. The classification thresholds are listed below:


Micro companies < 10 employees



Small Companies <50 employees



Medium companies between 51 and 250 employees



Large companies > 250 employees

The percentage of respondents in each size classification is shown in Figure 3.4.
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Figure 3.4: Distribution of Respondents by Company Size (number of employees)
(n= 292)
Examining Figure 3.4 using the highlighted classification system indicates that
approximately 23% of the responses received are from micro-company employees
while 21%, 25%, and 31% of the responses received were from small companies,
medium-sized companies, and large companies, respectively. The employee
distribution observed in this study is similar to what is obtainable in the construction
industry. According to U.S. Small Business Administration (2013), 56% of
construction companies employ 50 employees or less, 21% employ between 51 and
250 employees while 23% of construction companies hire more than 250
employees.
3.4.3.2

By Annual Revenue

In addition to using the number of employees, the annual revenue received by an
organization is another prevalent means of determining a company’s size. The
survey respondents were asked to identify a range that represented the income of
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their organization. Figure 3.5 depicts the distribution of respondents relative to the
total annual revenue received by their organization. Approximately 26% of the
respondents work for an organization that has an average annual revenue of
$1,000,000, while 8% of participant work for organizations that generate at least
$1,000,000,000 in revenue each year.

Figure 3.5: Respondent Distribution by Company Size (annual revenue) (n= 289)
Similar to the categorization used above (number of employees), the researcher
distributed the responses into three categories based on annual revenue:


Small company < $10 million



Medium company from $11 million to $500 million



Large company > $500 million

As seen in Figure 3.5, approximately 12% of responses are associated with
employees working for large companies while 37% and 51% represent responses
received from employees in medium and small organizations, respectively.
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3.4.4

Job Title

In terms of job title, approximately 47% of the respondents are construction
managers, while approximately 11% of the responses were received from
construction safety personnel (Table 3.1). Aggregating multiple perspectives is
essential in other to extract valuable information needed to understand the
perception of workers involved in technology adoption decision-making. However,
given that the primary method of adopting innovation in the construction industry
is a top-down approach (Mitropoulos and Tatum 2000), having a significant number
of responses from individuals in managerial positions provides valuable insight and
further strengthens the findings from the present study.
Table 3.1: Respondents’ Work Titles
Work Title
Construction Manager
Other
Project Manager
Safety Manager
Project Assistant
Project Engineer
Construction Scheduler
Estimator
Safety Engineer
Total

Responses (in %)
41%
19%
16%
8%
6%
4%
2%
2%
2%
100%

N
120
58
47
23
17
10
7
5
4
292

3.5 Discussion
3.5.1

Safety Technology Predictors Level of Importance

Results from the descriptive statistical analysis performed on the collected survey
responses indicate that all factors identified were found, based on their median
values, to be either important or very important with respect to influencing safety
technology adoption decisions. Table 3.2 shows that all factors were rated above 3
out of 5. The top five factors are technology reliability (5), proven technology
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effectiveness (4) technology durability (4), having the required features (4), and the
level of training required (4). Five out of the seven technology-related factors are
rated among the 12 most important factors. This rating suggests that although all
four categories are important in terms of influencing safety technology adoption
decisions, the characteristics of the safety technology is an essential precursor to
adoption. This finding is consistent with past research which suggested that
technology attributes are the most important factors of successful adoption and
diffusion of technology (Venkatesh and Davis 2000; Baker 2012). In addition to
providing an aggregated view of the respondents’ perception on what factors are
important predictors of safety technology adoption, it is essential to account for
potential differences in perception due to clusters such as experience, age, company,
size, etc. These characteristics could have a severe impact on decision-making
(Dozier and Chang 2006).
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Table 3.2: Technology Adoption Predictors - Descriptive Statistics for Safety Technologies (n = 257)
Key Predictors
Category
Technology reliability (technology consistently meets performance requirements)
Technology
Proven technology effectiveness (technical attributes meeting the stated performance requirements) Technology
Technology durability
Technology
Having the required features (technical attributes)
Individual
Level of training required
Individual
Level of technical support required
Organization
Level of complexity
Individual
Level of technical support available
Individual
Client demand
External
Triability (end-user can try technology prior to adopting)
Technology
Observability (end-user can observe performance prior to adoption)
Technology
Organization culture (receptive to change or not)
Organization
Competitive advantage derived from using the technology
Organization
Versatility (can be utilized for more than one task)
Technology
Potential cost savings from using the technology
Organization
Peer influence (How quick users will be able to influence colleagues)
Individual
Top management degree of involvement (championing the adoption or not)
Organization
Level of compatibility with current processes
Organization
Government policy and regulations
External
Industry-level change required for technology adoption
External
Potential level of resistance from employees
Individual
Capital cost of technology
Organization
Direct competitors adopting similar technology
External
Organizations technology budget
Organization
Partners adopt similar technology
External
Technology brand and reputation in the market
Technology
Rating scale: Not Important (1), Slightly Important (2), Neutral (3), Important (4), Very Important (5)

Median
Rating
5
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
3
3
3
3

Mean
Rating
4.33
4.19
4.18
4.17
4.13
4.13
4.13
4.08
4.01
3.99
3.98
3.97
3.93
3.93
3.9
3.88
3.87
3.83
3.81
3.78
3.78
3.67
3.38
3.36
3.29
3.28

Std. D.
0.87
0.89
0.89
0.85
0.89
0.89
0.98
0.89
0.99
0.92
0.91
1.01
0.93
0.97
1.08
0.92
1.03
1.07
1.08
0.97
1.03
1.02
1.14
1.01
0.93
1.18
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3.5.2

Cluster Analysis

As mentioned previously, past studies suggest that company size could play a role in a
company’s actions such as decision-making (Dozier and Chang 2006). Also, worker
experience is posited to have a significant impact on a worker’s perception and
decision-making (Agyakwa-Baah and Chileshe 2010). In the present study, the
researcher investigated the validity of previous assertions on the correlation between
company size and worker experience and decision–making mentioned in past research.
Responses from participants were clustered according to work experience and company
size (number of employee). Identifying the potential relationships between work
experience and company size on the perception of important technology adoption
predictors will provide vital information that can inform the development of best
practices (e.g., training) for different clusters . A statistical analysis of difference in
mean was conducted to assesses the presence (or absence) of a statistical difference
among the different clusters. First, the predictors were grouped into four categories
(external, individual, organization, and technology) in line with the thematic coding
described in Section 2.7.1. Grouping the predictors provides an overview of how the
clusters perceive the level of importance of each category. Future research could assess
the impact of the clusters (experience, company size, etc.) on each predictor.
3.5.2.1

By Company Size

Analysis of variance was conducted to evaluate the potential difference in mean
response between responses received from participants within the company size
classifications discussed in Section 3.5.3. First, the average of each category was
derived. For instance, the researcher averaged the mean response received from each

68

respondent that assessed the five predictors in the external category. Using the same
process, one value was derived from each respondent for the other three categories. The
descriptive statistics (Box plots) displayed in Figure 3.6 suggest the likelihood of little
to no statistical difference between the company sizes and the predictor category.

Figure 3.6: Box Plots Comparing Company Size to each Predictor Category (where EC
= External category; IC = Individual Category; OC = Organizational Category; TC =
Technological Category)
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Table 3.3 summarizes the results from conducting an ANOVA of the responses
received from the survey participants. Although the mean value for each category could
differ, the result from analyzing the variance in each category indicates the lack of
statistical difference between the responses received from employees within the
company size classifications. For instance, a p-value of 0.116 was reported when
evaluating if the responses received from micro organizations, small organizations,
medium organizations, and large organizations differed when assessing the importance
of predictors in the external category. Given the lack of statistical difference the
researcher posits that all predictor categories have a similar level of influence on
construction companies regardless of company size.
Table 3.3: Comparing Company Size to each Predictor Category (ANOVA)
Source of Variation (Size)

p-value

External Category

Degree of Freedom
F-Statistic
Numerator Denominator
3.0
128.9
2.0

Individual Category
Organizational Category
Technology Category

3.0
3.0
3.0

0.9
0.2
0.9

3.5.2.2

126.1
130.3
123.5

0.2
1.7
0.2

0.1

By Worker Experience

As part of the demography-related survey questions, respondents were asked to select
from a work experience distribution that best represents their experience in the
construction industry. This distribution included less than 1 year of experience,
between 1 and 5 years, from 5 to 10 years of experience, between 11 – 20 years, and
above 20 years of experience. Figure 3.7 depicts box plots showing the distribution of
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the mean value for each predictor category according to work experience. Similar to
Figure 3.5, the results suggest the lack of a statistical difference between worker
experience and the predictor categories.

Figure 3.7: Box Plots Comparing Worker Experience to each Predictor Category
(where EC = External category; IC = Individual Category; OC = Organizational
Category; TC = Technological Category)
The ANOVA results presented in Table 3.4 indicate a lack of statistical difference
between each experience range and predictor categories assessed. This result suggests
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that the perception of the level of importance associated with each category is not
impacted by a worker’s amount of experience in the construction industry.
Table 3.4: Results Comparing Worker Experience to each Predictor Category
(ANOVA)
Degree of Freedom
Source of Variation (Experience) Numerator Denominator
External Category
4.0
20.9
Individual Category
4.0
21.7
Organizational Category
4.0
21.0
Technology Category
4.0
20.9

F-Statistics
1.2
0.6
0.2
0.7

p-value
0.3
0.6
0.7
0.6

Therefore, the current study suggests that, based on the responses received, the primary
factors that could potentially influence the adoption decision are consistent regardless
of company size and experience. Also, the responses received from participants
indicate that the predictors and category identified are important. This finding is
supported by previous studies conducted by Welch et al. (2015) and Borhani (2016).
Given the level of consistency observed in the data and previous literature, the
development of a framework could help improve the adoption of safety technologies
in the construction industry.
3.5.3

Construction Safety Technology Adoption Framework (C-STAF)

Several adoption models such as the Technology Adoption Model (TAM) (Davis et al.
1989), TAM2 (Venkatesh and Davis, 2000), and the Unified Theory of Acceptance and
Use of Technology (UTAUT) model (Venkatesh et al. 2003) have been developed and
studied in past research. These studies primarily focused on perceived ease of use
(PEU) and perceived usefulness (PU) as the primary indicators of intention to use a
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technology. Nevertheless, the generalization of this assertion has been challenged in
recent studies (Rocker 2010).
As previously mentioned, developing a framework that identifies key features that
influence and predict technology adoption could improve the potential of safety
technology adoption on construction projects. Using the information from the literature
review, result from survey responses, and input from the expert panel, the researcher
propose the Construction Safety Technology Adoption Framework (C-STAF), shown
in Figure 3.8. The C-STAF captures the primary steps in a construction safety
technology adoption process. The framework depicts the typical process leading to the
adoption or non-adoption of a safety technology in an organization. The key activities
are highlighted within the “innovation assessment phase.” The innovation assessment
phase structure is inspired by the “technology centered change model” developed by
Sutton and Sutton (1990) and adapted by Davis and Songer (2003). The proposed
model advances the previous models by identifying key activities (providing more
detailed layers) and outputs pertinent to safety technologies that could influence
adoption decisions.
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Figure 3.8: Construction Safety Technology Adoption Framework (C-STAF)
Interest in adopting a specific safety technology in an organization is generally
instigated by top management within the organization. In certain cases, a front-line
worker could recommend a safety technology to upper management personnel (bottomup approach), but the top management would determine whether the technology is
going to be adopted or not. The features of the C-STAF model are explained below.
3.5.3.1

High level Feasibility Valuation

Prior to considering the possibility of adding a new safety technology, an organization
conducts a high level evaluation to determine the usefulness (need) within the context
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of the organization’s operations. This feasibility check will likely be conducted by
upper-management personnel within the organization in conjunction with construction
workers. If the safety technology is deemed useful to the organization operations, the
technology is then evaluated to ascertain its expected impact on the organization.
3.5.3.2

Innovation Assessment

Following a successful high-level assessment, a safety technology is expected to meet
certain objectives. For instance, the results from evaluating existing literature, the
survey, and expert interviews indicate that a safety technology is expected to be
reliable, easy to use, and meet the basic need for which it was purchased (i.e., is
effective). These expectations are distributed across the four adoption categories
previously identified.
3.5.3.2.1

Organizational Level Assessment

Several assessments can be conducted at the organizational level to verify if the
technology in question meets the overarching need of the organization. One primary
analysis conducted at the organization level is financial analysis such as Return on
Investment (ROI) and Benefit-Cost Analysis (BCA). The results of BCA and ROI
calculations play an important role in decision-making with regards to investment. The
decision to manufacture a technology, likelihood of acceptance, and the potential of a
technology to diffuse across a given industry is significantly impacted by the
highlighted financial indicators. From a consumer (contractor) perspective, it is
paramount that an acceptable ROI on capital purchases is realized to strengthen
adoption of a technology. Early detection of a low ROI through conducting rigorous
practical analysis would likely have a negative impact on the potential adoption of the
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technology. In certain cases, the decision to adopt a technology is not made by the
contractor, rather, it is made by the client. For instance, state Departments of
Transportation (DOTs) typically include specific safety technologies as part of the
contractual requirement with the contractor (e.g., technologies for work zone traffic
control). For DOTs, it is important that the technology have an academically developed
and supported process for determining cost-effectiveness and benefit-cost ratio. From
a societal perspective (government agencies and some clients), BCA and cost
effectiveness (CE) are considered better financial measurements compared to ROI. For
example, contractors may be hesitant to implement a technology with a benefit-cost
ratio greater than 1 (or net benefit) and positive cost-effectiveness if the ROI is
unattractive. On the other hand, DOTs will be less likely to contractually obligate a
contractor to use technologies that do not produce positive BCA and CE outcomes. In
addition to financial analysis, top management should be directly involved in the
adoption process.
3.5.3.2.2

Individual Level Assessment

The features (attributes) of a technology play a vital role in the adoption,
implementation, and acceptance of the technology (Kim et al. 2009). Similar to the
Lean Startup (Reis 2011) approach, it is essential that the value offering of a new
technology (in terms of attributes) and the client’s actual need align. Therefore, it is
imperative that stakeholders’ insight is adequately captured during the technology
adoption phase. For instance, in the case of proximity sensing technologies, actual endusers (field construction workers) should be involved in the adoption decision-making
phase. Insights from workers play an essential role in determining the potential
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adoption of a technology. Gaining these insights could be achieved through several
means such as interviews, focus groups, surveys, etc. Also, the level of workers’
innovativeness could play a role in the potential adoption of a technology. It is
important to measure workers’ level of innovativeness prior to the decision to adopt a
technology. Given that peer influence was also considered a predictor of technology
adoption, pairing workers with relatively low innovativeness with more innovative
workers could help improve the acceptance of a technology. The researcher, backed by
extant literature, posit that for a technology to be adopted, measurement of the
stakeholder’s interest and assessment of the innovativeness level should be adequately
included and considered.
3.5.3.2.3

Technological Level Assessment

Regardless of how financially viable a product is and the presence of the right features,
end-users would likely not adopt the technology if it is considered ineffective,
unreliable, complex to use, or not durable. A thorough evaluation study, backed by
academic rigor is essential to grow the rate of safety technology adoption. Although
evaluation studies are applicable to a broad spectrum of technologies, an evaluation
study is extremely vital for safety technology since failure (ineffective, unreliable) of a
safety technology could directly result in worker injuries and fatalities. At a minimum,
the evaluation process should include a pilot test in a controlled environment and a live
test under actual jobsite conditions to determine the technology’s effectiveness, ease of
use, reliability, durability, etc. testing the technology in a live environment would help
provide first-hand information on actual effectiveness and give workers an opportunity
to try the technology and observe its utility. According to Rogers’ Innovation Theory
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(Rogers 2005), triability and observability of a technology plays a vital role in the
adoption of a technology.
3.5.3.2.4

Environmental Level Assessment

Consistent with the technology-organization-environment (TOE) framework, which is
a popular framework used to investigate factors that influence technology adoption in
information systems (IS) research management, the present study posits that
environmental factors can predict the adoption of a construction technology. According
to Tymvios and Gambatese (2016) and Blayse and Manley (2004), clients and
government agencies are important drivers of innovation adoption. For instance,
technologies such as truck mounted attenuators and portable changeable message signs
implemented in work zones to improve worker and motorist safety are a contractual
requirement in most states. This requirement compels contractors to adopt these
technologies and implement them on construction projects. Therefore, a safety
technology’s adoption could be predicted if the technology is required by the client or
if the technology helps a contractor meet a regulation.
3.5.3.3

Recommendation to Adopt Technology

The need for evidence-based technology adoption decision-making is increasing (Moja
et al. 2016). In fact, given the normative and conventional nature of the construction
industry, the need for evidence-driven decision making is essential to drive adoption of
innovation. The researcher posit that an affirmative answer to the following questions
will strongly improve the odds of adopting a safety technology:
Is there evidence showing that the technology:


meets the end-user’s technical attribute need?
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has a positive ROI/BCA?



is effective, easy to use, and reliable?



is required by client and/or government regulation?

It is hypothesized that if a technology is perceived to provide acceptable value across
all four categories (individual, organization, technology, and external), the potential
that the safety technology would be successfully integrated into construction operations
increases.

3.6 Framework Validation
Initial validation of the proposed safety technology adoption framework was conducted
through in-person interviews with a selected sample of construction contractors, as
described previously. The validation process involved collecting demographic
information and asking participants to provide feedback on the technology adoption
predictors and the C-STAF. Project managers from eight contracting organizations
were interviewed to validate the accuracy of the proposed adoption process. These
companies are primarily located in the Pacific Northwest with annual revenue ranging
between $10 million and $2 billion (Table 3.3).
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Table 3.5: Profile of Participants
Characteristics

Category

Respondents

Job title

N
Project manager

6

Safety manager

2

0-4

0

5–9

1

10 - 15

4

> 15

3

present 0 - 4

1

Respondent years of experience

Years working
organization

Company Size

in

Employees

Revenue ($ million)
1.

5–9
10 - 15

5
1

> 15

1

< 50

1

50-250

4

> 250

3

< 10

1

11-500

4

> 500

As part of the validation process, participants were asked the following questions:
“Are the identified predictors comprehensive and practical?”
“Does your company have a specific process (or processes) in place for
adopting and integrating a new technology for worker safety?”
“Figure 1 [3.8] depicts a framework for the safety technology adoption
process. In your opinion, does the figure adequately summarize the core steps
required prior to adopting a technology for worker safety?”
In response to the questions, the participants indicated that the predictors described in
the study are a true representation of factors that can predict safety technology adoption
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with an average rating of 8.75 out of 10 (where 0 = very poor, 5 = average; 10 =
excellent). Five out of the eight participants indicated that their company does not have
a structured process for adopting a technology. The remaining three participants
indicated that they have some sort of structure for technology adoption and their
structure is similar to the proposed framework. The primary difference noted by one
participant between the C-STAF and the host organization decision-making framework
is the condensing of the four assessment phases into two phases: internal and external
need assessment. However, all eight participants believe that the process described in
Figure 3.8 is an accurate representation of how safety technology adoption could be
reached.
The results from the present study suggests that the proposed safety technology
adoption framework is a reliable and valid representation of how technology is
typically evaluated for adoption in the construction industry. Utilization of the expert
panel input improves the face validity of the results (Lucko and Rojas 2010; Hu et al.
2016). Similarly, the validation process described above improves the external validity
of the study results and provides a high level of reliability to generalize the results
beyond the sample study to the larger population. It would be helpful, however, if future
research extends the validation process to include a larger sample size that is wellbalanced and distributed across different geographical regions within the US.

3.7 Conclusions and Future Research
The use of technology in the construction industry is expected to ramp up as the need
to improve project performance outcomes continues to increase. As a project becomes
complex, potentially leading to more exertion from workers, integrating innovative
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methods and technology tools that enhance workplace conditions becomes essential.
The present study focused on the adoption of safety technology in construction. Review
of the existing literature on safety technology suggests that although the use of
technology to improve construction worker safety has increased over the past few
decades, the utilization of emerging technologies such as drones and wearable devices
for safety management is still limited. To improve the adoption of these technologies,
and other safety technologies, the important predictors that influence safety technology
adoption in construction should be identified. In the present study, the researcher used
an integrative literature review process, distributed survey questionnaires, utilized a
panel of experts on the topic, and conducted in-person interviews with construction
contractors to: (1) identify predictors that influence safety technology adoption in
construction, (2) develop a safety technology adoption framework based on the
identified predictors that construction companies can implement to determine whether
the adoption of a technology is feasible and meets performance requirements set by the
organization, and (3) validate the developed safety technology adoption framework
using feedback from industry experts.
The results of the study show that there are 26 predictors that commonly influence the
adoption of safety technologies in construction. These predictors primarily fall within
four categories: environment-related, individual-related, organization-related, and
technology-related. A safety technology adoption framework was developed and
validated based on the results obtained from the literature review, surveys, and
interviews. The framework summarizes the process required to determine the
feasibility and suitability of adopting technologies by construction organizations.
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It is interesting to mention that the results from surveying 257 construction
professionals suggest that although all 26 predictors are important based on their
median values (rated 3 or above on a scale of 1 to 5), technology durability, proven
technology effectiveness, technology reliability, having the required features, and level
of training required are found to be the most important predictors of safety technology
adoption. Future research should focus on developing tools that can enhance safety
technology adoption in the construction industry.
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4 Developing and Implementing a Comprehensive
Evaluation Procedure for Construction Safety
Technology
In Chapter 3, a framework (C-STAF) for guiding practitioners through the technology
adoption phase of the technology integration process was developed and validated. In
part, the C-STAF relies on results from an evaluation study (Technological Level
Assessment). An evaluation study is expected to employ a rigorous scientific process.
Developing and executing an evaluation process, grounded in scientific rigor, plays a
vital role in improving the odds of technology adoption since the output of such a study
is reliable.
Chapter 4 focuses on developing and executing an evaluation protocol for workercentric work zone safety technologies.

4.1 Summary
Roadway construction and maintenance workers are often exposed to substantial safety
risks resulting in part from working in close proximity to live traffic. This hazardous
work environment leads to approximately 118 fatalities a year. Past studies suggest that
implementing safety technologies in work zones could have prevented many of those
fatalities. Unfortunately, the construction industry is historically known to be resistant to
change and slow in technology adoption. One reason for the industry’s conservative
approach towards new safety technologies is the lack of scientifically-based yet practical
oriented evaluation protocols that could be utilized by construction organizations to
assess the effectiveness of such technologies. To help improve adoption potential, the
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author developed and implemented a five-step evaluation protocol for assessing work
zone safety technologies (WZSTs) specifically designed to protect construction workers.
The viability of the proposed protocol was exemplified using work zone intrusion alert
technology (WZIAT), a type of WZST. For the study, three commercially available
WZIATs were selected: SonoBlaster, Intellicone, and Worker Alert Technology (WAS).
Findings from the study suggest that utilizing the proposed protocol could lead to
comprehensive outcomes. The results indicate that WZIATs could produce audible
alarms between 75 and 90 dB at a distance of 50 feet. Furthermore, a response rate
ranging between 33% and 100% and a median response time between 1 and 8 seconds
were documented during live testing on case study projects. Results from utilizing the
evaluation protocol showed that the evaluated WZIATs have the potential to play a
significant role in improving highway worker safety. By utilizing the proposed evaluation
protocol, it is expected that construction practitioners will be equipped with quality
information required to achieve congruent technology adoption decision-making.

4.2 Background
Highway construction and maintenance operations commonly require workers to conduct
their work in close proximity to ongoing traffic. Short-term work zones on high speed
roadways often involve working adjacent to passing vehicles, separated by only a line of
tubular markers or drums. This worksite condition presents a significant level of safety
risk for both the workers and passing motorists. Inattentive or speeding drivers, careless
workers, misplaced drums, and hazardous roadway conditions can lead to crashes and
ultimately work zone injuries and fatalities.
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Data from the Bureau of Labor Statistics (BLS) show that 1181 workers were killed in
road construction work zones from 2007 to 2016 (NWZSIC 2017). According to the
Federal Highway Administration (2017), worker fatalities that occur in road construction
account for 1.5% to 3% of all workplace fatalities annually. Studies conducted by Bryden
and Andrew (1999) and Bryden et al. (2000) reported that work zone intrusions
accounted for 10% of all traffic accidents and 8% of fatal injuries. For the last decade,
fatal injuries in work zones led to over 100 deaths every year, and the trend has been
persistent (NHTSA 2015). In particular, approximately 76% of these deaths were
attributed to vehicles intruding a work zone or mobile equipment striking the worker
(FHWA 2017). Given that errant vehicles driving into the work area and collisions with
construction workers/construction equipment are serious safety risks for workers on the
roadway and for the driving public, the need to implement construction worker-centric
safety measures that significantly reduce the risk of a work zone accident caused by these
means is paramount. The need for utilizing safety technologies is further necessitated
given the huge direct and indirect cost associated with accidents in construction work
zones (Theiss 2014).
There are multiple possible means for protecting workers in work zones. Supplementing
traffic control plans with speed reduction mechanisms such as changeable message signs,
radar speed signs, and rumble strips improves worker safety (Zech et al. 2005; Gambatese
and Zhang 2016; Jafarenjad et al. 2017) and helps in maximize work zone mobility
(Abdelmohsen and El-Rayes 2017). These speed reduction technologies are primarily
focused on modifying motorist driving behavior through a construction work zone. In
addition, providing positive protection systems (PPS) such as concrete barriers, a mobile
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barrier trailer, and truck mounted attenuators (TMA) could reduce the impact of potential
accidents (Brillhart 2010). PPSs have proven to be effective in protecting workers from
vehicle impact, yet the high initial cost of owning and implementing PPSs creates an
obstacle for implementation on some projects (Schrock et al. 2014; Wang et al. 2011).
Speed reduction devices and PPSs are typically required by most state DOTs as part of
traffic control plans.
To prevent vehicle-construction worker collisions in a work zone, proximity warning
systems (PWSs), armed with multiple alarm systems, are used to alert construction
workers of a potential collision (Marks and Teizer 2013). A work zone intrusion alert
technology (WZIAT), on the other hand, is an alert-producing device that warns workers
within and around a work zone of a potential perimeter breach by an errant vehicle.
Compared to alternative PPSs, WZIATs have the potential to provide a cost-effective
solution that improves protection for workers (ODOT 2017). PWSs, WZIATs, and other
construction worker-centric safety technologies are rarely included as a requirement by
state DOTs in traffic control planning. Rather, construction organizations decide if they
would implement these technologies in construction work zones.
However, a review of extant literature indicates that worker-centric safety technologies
such as PWSs and WZIATs are rarely used on highway construction and/or maintenance
projects (ODOT 2017; Wang et al 2011). According to Fyrie (2016), the lack of interest
in technologies such as WZIATs could be attributed to a lack of technology effectiveness
assessment guided by a systematic and practical evaluation protocol. Previous studies
posit that technology evaluation processes play a crucial role in an organization’s
decision to adopt or reject a product (Rankin and Luther 2006; Rogers 2003).
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Given that each construction company has its own unique project execution process,
contractors would likely want to ascertain if a technology will provide the expected
outcome when implemented in their operation. A decision support system supported by
an effective evaluation protocol plays an essential role towards assessing the viability of
implementing a technology in an organization. Considering that decision-makers in
construction organizations should make informed decisions, it is essential that an
evaluation protocol grounded in scientific rigor be utilized during a technology
assessment process.

4.3 Contributions
An extensive literature review indicates that a majority of the existing literature on work
zone safety technology, including evaluation protocols, is focused on speed reduction
devices that are required as part of traffic control on most highway construction projects.
Although important and effective, speed reduction devices lack the capacity to provide
any warning to workers in the work zone if an intrusion occurs or when a construction
vehicle is within close proximity of a worker. Therefore, it is essential that construction
organizations consider adopting additional technology that is focused on providing vital
warning of impending accidents to workers in construction work zones. Prior to adoption,
a construction organization must determine the applicability of commercially available
safety technologies. To this end, decision support tools play a vital role in accurately
determining the usefulness of worker-centric safety technologies (Nnaji et al. 2018).
Currently, limited research is focused on developing practical protocols that could be
used by construction organizations to enhance their technology adoption decisionmaking—especially when it concerns adopting worker-centric safety technologies.
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In response to the need for developing practical guidance for assessing the effectiveness
of supplementary WZST such as PWSs and WZIATs, the present study aims to provide
construction practitioners and researchers with an evaluation protocol that can yield
useful information on the capabilities and effectiveness of construction worker-centric
WZSTs. It is expected that decision makers within an organization can utilize this
protocol in order to achieve congruent decision-making. The objective of the present
study is achieved by:
I.

Developing and implementing a repeatable and practical scientific evaluation
protocol for work zone safety technologies focused on construction workers; and

II.

Assessing the effectiveness of WZIATs in a controlled environment and on actual
ongoing projects.

It is expected that such a systematic evaluation protocol will provide meaningful,
conclusive findings in a comprehensive manner while also providing directions for
enhancing WZIAT effectiveness.

4.4 Testing Protocol
Developing a testing protocol, grounded in scientific rigor, plays a pivotal role in
validating the findings of an evaluation-based study. According to Fyrie (2016), it is
essential to develop a testing protocol for WZSTs to improve perception of usefulness
which could impact user intention to adopt technology alongside encouraging the
production of additional WZSTs. In order to develop a rigorous yet practical process, the
researcher relied on Strategic Highway Research Program (SHRP) reports and past work
zone technology evaluation reports (Agent and Hibbs 1996; Brown et al. 2015; Marks et
al. 2017; Marks and Teizer 2013; Novosel 2014; Park et al. 2017; Teizer et al. 2010;
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Zhang and Gambatese 2017). Figure 4.1 depicts the steps deemed necessary to ensure
adequate representation of construction worker-centric WZST effectiveness.

Figure 4.1: WZST Testing Protocol
It is important to note that unlike the methodology proposed by Marks and Teizer (2013),
these recommended steps are for WZSTs, such as WZIATs and PWSs, that are either
advanced in the production cycle (beyond prototype) or are commercially available. The
proposed steps required to arrive at a comprehensive result are explained below:
4.4.1

Step 1: Documentation of Technologies

It is imperative to aggregate and reviewed literature on currently available technologies
that have high potential for preventing injury in highway work zones. This step can be
achieved through a comprehensive search of archival publications using Internet search
engines. The output of this search and documentation should include associated benefits
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of using a WZST, limitations to its use, and summaries of findings from prior research
on the technology.
4.4.2

Step 2:Survey of Current Practice

Step 2 involves gathering insight on current practice from highway construction and
maintenance key stakeholders. Information can be gathered using a survey or interviews.
The objective of the survey or interviews is to document current and recommended
practices, barriers, enablers, and impacts associated with a WZST. Findings from Step 2
lead to the identification of the status quo of the construction industry and its current best
practice in terms of preventing accidents that could be prevented by the WZST.
4.4.3

Step 3:Pilot Testing of Technologies

Pilot testing in the context of the present study refers to the process of assessing the
effectiveness and usefulness of a technology in a controlled environment. Based on the
results of Steps 1 and 2, a sample of feasible technologies should be selected for pilot
testing. Selection should consider technology availability, cost, ease of use, potential for
improving safety, and potential for incorporating the technology in typical transportation
control plans. Pilot testing of the selected technologies should be conducted under
controlled, off-roadway conditions. Each selected technology should be assessed to
capture its capabilities, and record how it is implemented. The results of the pilot testing
provide vital information on feasibility of use, capabilities, and limitations related to each
technology under investigation.
4.4.4

Step 4:Selection of Technologies for Live Testing

Following completion of the pilot testing and analysis of the results, Step 4 involves
gaining insight on the feasibility of implementing the technology on live work zones from

91

key stakeholders such as potential end-users. This insight can be gained through
conducting focus group sessions, designed experiments followed by an interview, etc.
Feedback on each assessed technology should be solicited from each targeted group.
Those technologies that are deemed promising by the focus group participants should be
selected for implementation on an active project. In addition, potential construction
and/or maintenance projects on which to conduct live testing of the technologies should
be discussed with the participants.
4.4.5

Step 5:Implementation and Testing of Selected Technologies

Step 5 involves implementing the selected technologies on each selected case study
project. Depending on the case study projects selected, each technology should be applied
under different work zone conditions (e.g., short-term and long-term, daytime and
nighttime, and stationary and mobile, etc.). Each selected technology should be
implemented during actual work operations. The testing protocol should address a variety
of criteria such as: ease of implementation and use, ability to detect potential hazard,
ability to warn of impending hazard, sensitivity to false alarms, impact on risk to worker
safety, and implementation cost. Upon completion of testing, feedback on each
technology should be collected directly from the construction and maintenance workers
involved in each case study project.
Although past studies such as Brown et al. (2015) and Marks and Teizer (2013)
developed WZST evaluation processes, these studies lacked one or more key components
that influence technology adoption. For instance, Brown et al. (2015) implemented three
out of the five steps in the proposed protocol while Marks et al. (2017) utilized only two
of the recommended steps. It is important to note that when assessed in fragments, the
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rigor and comprehensiveness of the process could be jeopardized thereby creating some
vagueness which might hinder objective decision-making. However, the level of detail
covered within each step could vary depending on organizational constraints such as time
and available financial resources.

4.5 Implementation of Evaluation Protocol: A Work Zone Intrusion
Alert Case Study
To exemplify the efficacy of the WZST evaluation protocol, an example using the
assessment of WZIATs is described below. Although the protocol is proposed for
construction company use, the process is also effective when utilized to extract useful
information about a WZST for a broader audience (e.g., FHWA). The case study
described below focuses on multiple stakeholders’ which also includes construction
companies.
4.5.1

Step 1

The following three WZIATs, within the scope of the study, and inclusion criteria (e.g.,
only commercially available WZIATs), were identified through an in-depth literature
review conducted using online search engines:
1. SonoBlaster Dual Alert work zone intrusion alarm: An impact-activated device
attached to a barricade, cone, drum, or other traffic control device that emits a
loud warning sound to the workers when the device is struck and knocked over.
Unit cost is approximately $90. (http://www.transpo.com/)
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2. Traffic Guard Worker Alert System (WAS): An audio, haptic, and visual alarm
wirelessly triggered when a vehicle crosses over a pneumatic hose into the work
area. Unit cost is approximately $600. (http://www.astrooptics.com)
3. Intellicone: A lamp-integrated motion sensor attached to a traffic cone that can
detect being hit by a vehicle and when vehicles cross between cones. When
triggered, the unit signals audio and visual alarms. An alert is also sent wirelessly
to a web portal to enable automated on-line reporting. Unit cost is approximately
$2,000. (http://www.intellicone.co.uk)
4.5.2

Step 2

An online survey was developed and distributed by the research team. The survey was
sent to state DOTs, contractors, traffic control contractors, and work zone technology
vendors. Using list serves and information from American Association of State Highway
and Transportation Officials (AASHTO), Associated General Contractors (AGC) and,
American Traffic Services Association (ATSSA). From approximately 300 emails sent,
a total of 144 responses were received from participants. Although 102 of the 144
responses received were fully completed, nine additional responses (for a total of 111
responses) finished a sufficient amount of the survey to be included in the analysis. Fiftyone percent of the responses were received from owner agencies (DOTs) while 30% of
the responses came from general contractors. The respondents, drawn from 32 states in
the US and two provinces in Canada, include project managers (46%), traffic control
designers (11%), safety engineers (11%), and project engineers (13%). Only 2% of the
responses received indicated prior or current use of WZIATs on projects while 11
respondents (10%) indicated having some knowledge of intrusion alert systems.
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Consistent with past studies on work zone intrusion alert systems (Burkett et al. 2009),
the top three barriers to adopting WZIAT are false alarms (false-positive and falsenegative), inadequate work zone coverage, and difficulty in operation and maintenance.
With regards to benefits associated with WZIATs, all participants who have knowledge
about WZIATs believe that the systems can provide extra reaction time for construction
workers.
4.5.3

Step 3

Following the survey findings, different tests were designed and executed to provide
quantitative data to enhance the understanding of the capabilities and limitations of
WZIATs. Based on the literature review, the following tests and measurements were
determined to be of essence to better understand the selected WZIATs:
1. Recording false alarms
2. Measuring the relationship between sound level and distance
3. Measuring the sound level inside a vehicle
4. Measuring the impact of other nearby equipment on sound quality
5. Performing a spectral analysis to test the distinctiveness of alarms
6. Measuring transmission distances
7. Measuring the light level of visual alarms
According to an SHRP study conducted by Agent and Hibbs (1996), it is important to
select a test location that can be controlled, yet have the capacity to mimic real life
operation for closed testing. The research team identified a 1,600 feet long paved rural
road, containing two lanes (one in each direction), that is predominantly free of heavy
vehicular and human traffic, as an appropriate location for pilot testing the work zone
intrusion technologies.
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4.5.3.1

Recording False Alarms

Results from past research indicate that a key barrier to the implementation and
acceptance of WZIATs in the construction industry was a relatively high probability of
having false alarms (Burkett et al. 2009). Therefore, a controlled experiment that
involved triggering each of the selected WZIAT multiple times was carried out
independently for testing false alarms. By definition, a false negative refers to when an
alarm is triggered but the alarm fails to produce an alert, whereas a false positive refers
to a situation where an alarm is produced from a device due to unintentional triggering
of the technology. Results from this test showed that after being triggered over 20 times,
none of the technologies had a false negative alarm with the exception of the SonoBlaster
(six false alarms). However, the SonoBlaster recorded no false positives. This result
could be attributed to the design of the SonoBlaster technology. The SonoBlaster has a
lock mechanism that disarms the device if not in use. This mechanism prevents the
occurrence of any false positive alarms. The Intellicone and WAS recorded a few false
positives as a result of mishandling of the units during placement (operator error). It is
important to note that since the Intellicone and WAS do not have a lock mechanism, false
positives could occur if a cone supporting the Intellicone tips over due to a gust of wind
or if a worker or piece of construction equipment inadvertently pressures the WAS
pneumatic tube.
4.5.3.2

Measuring Relationship between Sound Level and Distance

The sound level to which a worker is exposed is relative to his/her distance from each of
the WZIATs. The level of sound was recorded between 5 feet and 500 feet, in terms of
distance between the technology and the sound meter, to provide sufficient information
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over an appreciable range of distances. As seen in Figure 4.2, the SonoBlaster produced
the loudest sound across all distances measured. In addition, the Intellicone produced the
most consistent and the longest alarm duration (26 seconds) over multiple attempts. The
WAS also produced a consistent duration of sound but lasted for only six seconds. The
alarm produced by the SonoBlaster shows the largest variation (median = 14 seconds)
and ranged from seven to 41 seconds. The inconsistency in the duration of sound
produced by the SonoBlaster appears to be largely due to its use of carbon dioxide
cartridges as an alarm-creating mechanism.

Figure 4.2: Median Sound Level vs. Distance from the Technology
(Adapted from ODOT 2017)
4.5.3.3

Sound Level inside a Vehicle

Most tests carried out focused on how the alarm impacts and alerts construction workers.
However, the researcher also measured the impact of the alarms on vehicle occupants, as
it may also be important to determine how the occupants will react to the sound of the
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alarms. The sound level was measured 15 feet from the alarm, from the driver’s seat
inside of a 2015 Honda Odyssey with fully closed windows. Results from this test
showed that the impact of the sound produced by each technology on a person driving by
the work zone with car windows fully closed is relatively insignificant.
4.5.3.4

Impact of Equipment on Sound Level

Two types of testing procedures were established to provide an adequate representation
of possible varying deployment positions of alert technologies within a work zone. The
first setup involved placing each WZIAT between the equipment (excavator and dump
truck) and the sound meter that represented the position of a worker. The WZIAT was
placed 50 feet away from the excavator and dump truck while sound level was measured
using the sound meter an additional 50 feet away on the opposite side of the WZIAT
from the equipment (i.e., 100 feet from the equipment). Two more measurements were
taken by moving the sound meter further along the line, at 100 feet (150 feet from the
equipment) and 200 feet (250 feet from the equipment) away from the intrusion alert
technology. After recording sound levels at 200 feet away from the sound meter, the
technology was moved 100 feet away from the equipment. After taking three sound
measurements at 50 feet (150 from the equipment), 100 feet (200 feet from the
equipment), and 200 feet (300 feet from the equipment) away from each WZIAT, the
process was repeated one more time starting 250 feet away from the equipment. This
process was repeated with each WZIAT located 200 feet away from the equipment.
Figure 4.3 summarizes the sound level when the WZIATs are 50 feet away from the
equipment, showing that the sound produced by an idle excavator and loader was lower
than that recorded from the three technologies at any distance.
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Figure 4.3: Sound Level with Alarm at a Distance of 50 feet from Equipment
(Adapted from ODOT 2017)
The second setup was designed to examine the sound level to which a construction
worker is exposed if the worker is positioned between the equipment and a WZIAT. The
same measurements as those made during the first setup were repeated for the second
setup to ensure a consistent basis for comparison. Figures 4.4 depicts the median sound
levels measured against the distance between the worker (position of the sound meter),
the equipment, and the intrusion alert technology at 50 feet.

99

Figure 4.4: Sound Level with Sound Meter at a Distance of 50 feet from
Equipment (Adapted from ODOT 2017)
When the sound meter is placed 50 feet away from the WZIATs, the sound level recorded
was at least 5 decibels higher for each alert technology with the exception of the WAS
for which a 1 decibel increase was recorded. The sound level recorded for both setups at
100 feet and 200 feet away from the equipment showed a similar trend (higher sound
level recorded in first setup). The test results suggest that the location of the WZIAT
should be carefully considered. A project that requires most workers to be clustered
around loud equipment (e.g., paving operation) should consider placing the alarm units
of the alert technologies (Intellicone and WAS) as close to the cluster of workers as
possible.
4.5.3.5

Spectral Analysis to Test Distinctiveness of Audio Alarm

In addition to loudness, intensity is considered an objective sound property and indicator
of sound quality. A spectral analysis was performed on the audio output of each alert
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technology to provide a base to determine the level of distinctiveness (sound quality) of
the sound that the alarm produces vis-a-vis ambient noise. Spectral analysis is the study
of sound frequency using a spectrogram, a representation of a time versus frequency plot
where frequency is epitomized by a spectrum (Brown et al. 2015). A Tascom DR-05
linear PCM recorder was used to capture the sound produced by each WZIAT. An idle
excavator was used to mimic the sound variations expected in a construction operation.
The length of the audio recording varied depending on the duration of the alarm. Each
technology was placed 50 feet away from the equipment while the recording was carried
out 50 feet away from the technology in the opposite direction. Sonic Visualizer, a sound
analyzing freeware (http://www.sonicvisualiser.org) used in a previous work zone alert
study (Harkins et al. 2010), was used to analyze the audio recording of each technology.
Results from the spectral analysis highlighted that the sound produced by all three
technologies differed considerably from the mimicked ambient noise. The WAS had the
most distinctive sound in terms of clustered sound intensity produced.
4.5.3.6

Transmission Distance

The transmission distances of the WAS and Intellicone were tested based on incremental
distances (note that the SonoBlaster is not a wireless device and therefore was not
included in this test). Each transmission test was performed by activating the trigger
mechanism at a given distance from the alert technology. Each technology was triggered
three times at every pre-determined distance until the transmission was deemed to be less
than 100%. As highlighted previously, the Intellicone uses a wireless transmission
network that remotely sends a message to the command post (PSA) once a sensor is
tripped or tilted. The network configuration is based on the wireless connection between
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different sensors that, when connected, act as an extended perimeter. This gives the
Intellicone the capability of covering a long stretch of roadway in case of a lengthy work
zone. The Intellicone recorded a 100% transmission rate up to 250 feet, while 33% (1 out
of 3) of the transmissions were recorded at 300 feet, and beyond which there was no
transmission. This observation does not agree with the findings from Novosel (2014) that
reported incomplete transmission from 400 feet. An additional sensor was added to the
network to evaluate the extended transmission range owing to a network of multiple
sensors along a work zone. The first sensor was placed 250 feet (the farthest distance that
shows 100% transmission) away from the PSA while the second sensor was placed 300
feet away from the PSA (i.e., 50 feet away from the first sensor). One hundred percent
transmission was recorded at 300 feet using the new configuration. The transmission was
tested at every 50 feet increment.
In addition to the visual and audio alerts, the WAS offers a personal safety device (PSD)
that produces audible and vibrating (haptic) alarms in addition to the primary visual and
audio alarm produced from the main unit. The 3.9” x 2.2” x 1” PSD could be strapped
on a belt, around an arm, or placed in a vest pocket.
Similar to the Intellicone, 100% transmission was recorded up to 300 feet for the WAS
audio/visual unit (the visual alarm was activated every time the audio alarm was
triggered). Three PSD’s were tested simultaneously to increase the quality of the
assessment. All three PSD’s vibrated within 50 feet with the exception of one PSD that
failed to trigger one out of three times at the 50 feet station. All of the PSD’s
transmissions were lost when the WAS was triggered at 100 feet or farther.
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4.5.3.7

Measuring the light level of visual alarms

The test of light intensity using an LS - 100 Luminance Meter did not provide a
conclusive, quantifiable result. As part of the nighttime assessment, a work light and
spotlight were used as reference lights for relative comparison. Pictures of the work light
(L1), spot light (L2), Intellicone, and WAS were taken using a DSLR camera (Cannon
D5200) using pre-set settings to ensure like for like comparisons. Based on a qualitative
assessment using pictures taken, the visual alarm seems to be relatively distinctive in the
dark, but not so much when compared with a spot light and a work light. Regardless, the
visual alarms produced by the Intellicone and WAS were visible when triggered 500 feet
away.
The findings from the pilot study provide important information on where each
technology excels and some product limitations which would inform future
implementations on live projects. In addition, the results provide supporting information
when developing recommended minimum specifications for future products.
4.5.4

Step 4

The goal of Step 4 was to gain insights from highway construction professionals on the
selected technologies. For this step, a two-step approach was undertaken to gather
information on each WZIAT.
First, a demonstration event involving highway construction stakeholders was hosted by
the research team to help bridge the gap in intrusion alert technology knowledge
identified by the survey results. Five employees from general contractors and five ODOT
staff were involved in the demonstration. Each technology was presented to the
participants, starting from installation, followed by deployment and retrieval. Multiple
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demonstrations and tests were carried out on each intrusion alert technology. Upon
completion of the demonstration of each technology, the participants were asked to rate
the technologies (from 1 = low to 5 = high) based on various criteria. The criteria’s
include technology effectiveness (loudness), ease of use, technology cost, among others.
Results from the assessment described above indicate that the three technologies were
rated relatively high in ease-of-use with mean scores of 3.30, 3.50, and 3.44 and standard
deviations of 1.49, 0.85, and 1.01 for the SonoBlaster, Intellicone, and WAS,
respectively. Inversely, participants indicated that the cost of each WZIAT could deter
potential implementation (SonoBlaster rating = 2.20, Intellicone rating = 1.30, WAS
rating = 1.88).
Secondly, an online focus group discussion was conducted to collect additional input on
each technology. The research team targeted general contractors, traffic control
subcontractors, and DOT staff. The materials developed for the focus groups included:
(1) a PowerPoint presentation describing each of the three technologies including results
from the pilot testing; (2) a questionnaire (online and fillable pdf file) for feedback on
each technology; and (3) three short video clips (from the demonstration exercise)
showing how each technology is used. Seventy-four potential participants were contacted
leading to 19 complete responses (25.7 % participation rate). It should be noted that no
participant from the demonstration event participated in the online focus group survey.
The results indicate that although all three WZIATs have the potential to increase a
construction worker’s reaction time in a work zone, the technologies also have some
limitations. The following comment from one of the participants describes some
limitations:
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“My main concern with all these devices is, how effective are they after more than
one use? We need something easy to maintain, replacing batteries is not ideal
because it adds item to be checked off and requires, albeit small, another degree of
maintenance. I don’t see any of these devices being exceptionally useful in a mobile
work zone. Even a dedicated and competent TCS [traffic control supervisor] would
have difficulty keeping the alert systems in the proper locations as 3-4 different work
zones progress on a paving project.”
Based on the results of Step 4, Step 5 involves deploying all three WZIATs on live
projects to evaluate the actual impact that the technologies could have on construction
workers.
4.5.5

Step 5

Three case study projects were selected by the research team in consultation with the
Oregon DOT and general contractors. For each case study, the three technologies were
implemented to determine their effectiveness. Using multiple data collection streams
including clicker responses, video recording, audio recording, and interviews, the author
aggregated field data for determining their effectiveness. The research plan for the live
testing was designed to accommodate possible variations/iterations due to specific
constraints of each project. A typical data collection process included the following
activities:
1. Host a preparatory meeting with workers to teach the workers how to use each
technology
2. Measure the typical sound levels that the workers are exposed to
3. Determine and mark the distance between the operation and alarm
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4. Trigger the alarm intentionally and observe how the workers react
5. Measure the sound levels of alarm at different distances
6. Perform a quick interview with each worker to get their feedback and verify
whether they heard the alarm
To help record whether the workers heard the alarm, the workers were instructed to
either raise their hand or click a “clicker” given to them by the research team. Clickers
are small, handheld devices commonly used in educational settings to record responses
from participants. Table 4.1 lists the methods adopted to collect the required data. The
case study projects are described below.
Table 4.1: Data Collection Matrix
Measurements and Observations Recorded
Data to be Collected

How to use alert technology
Audibility and visibility
Loudness of sound relative to
distance
Distinctiveness of sound
relative to distance and
ambient noise
False alarm
Reaction time relative to
distance

4.5.5.1

A
Demonstration of
technologies

B
Clicker
response

C
Video
observation

X

X

D
Interview
ODOT
personnel

E
Interview
contractor
personnel

X

X

X

X

X

X

X

X
X

X
X

Case Study Project #1 (US-30 Swedetown Road to Wonderly Road):

The first case study project was conducted in Columbia County, Oregon on the US-30
Swedetown to Wonderly Road project. The project encompassed work in both eastbound
and westbound single lanes and spanned 10 miles. The construction activities on the
project included re-paving, replacement of barriers and medians, and bridge joint repair.
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Given the complex nature of the project, a pilot car method of one-lane, two-way traffic
control setup was implemented on the project. Data was collected over a 2-day period.
On the first day, reference points were marked along the road in 50 foot intervals.
Reference points at 35 feet and 300 feet were added to the research plan to capture roller
operation data. Following outcomes from the first day, the research team focused on the
paving operation on the second day due to the significant amount of leg traffic around
the paver. Hence, the distance between the alarm and the paver was kept at 50-foot
increments, i.e., 150 feet, 100 feet, and 50 feet. To ensure consistency across case
projects, five primary workers domiciled close to the paver were observed during the live
testing (Figure 4.5).

Figure 4.5: Target Worker Locations (Adapted from ODOT 2017)
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4.5.5.2

Case Study Project #2 (I-84 Cascade Locks to Hood River):

The I-84 Cascade Locks – Hood River project was selected as the second case study
project. The scope of the project included repaving of the shoulder, slow lane, and fast
lane in both the eastbound and westbound directions. The research study focused on the
roadway paving operation. Each technology was triggered four times at different
distances relative to the paver: first, at –100ft and -50ft stations, followed by +50ft, and
+100ft stations (see Figure 4.6). A video camera captured the entire process while the
clickers provided quantifiable data regarding worker response. Due to space (ideal/safe
location to place the alarms) limitations, the research team adapted the research plan on
the second day, setting up the base station at one point while performing the assessment
of each technology on both sides of the base station. The distance between the alarm and
the paver was kept at 50 foot increments, i.e., 50 feet, 100 feet, and 150 feet.

Figure 4.6: Data Collection Setup, Day 1 of Case Study Project #2
(Adapted from ODOT 2017)
4.5.5.3

Case Study Project #3 (I-84 Mosier to The Dalles):

The third case study project for live testing was the 14 mile-long Interstate 84 Mosier to
The Dalles paving project. For operational reasons, the contractor elected to pave two
200-foot impact panels before and after three bridges in the eastbound lanes for the
night’s operation. Given project specific limitations and findings from Case Study
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Projects #1 and #2, the researcher elected to alter the data collection process. For instance,
data from Case Study Projects #1 and #2 indicated that most workers could not hear or
see the alarm produced by the WZIAT when triggered 150 feet away from the workers.
With the exception of the Intellicone, each technology was tested once using a four-time
triggering process (100 feet, 75 feet, 50 feet, and 25 feet away from the paving operation).
In addition, each participant was asked to raise his/her hand if the alarm was heard or
seen to ensure that their response was recorded.
4.5.5.4
4.5.5.4.1

Results from Case Project Evaluations
Response Rate

The results from the three case study projects indicate that although the three
technologies evaluated had an impact on workers (i.e., the workers heard, felt, or saw the
alarms), the level of effectiveness varied. The researcher analyzed data collected when
the WZIATs were triggered 50 feet and 100 feet away from the construction workers to
maintain uniformity across the three case study projects. The evaluations conducted on
the case study projects revealed that across all three projects, no technology consistently
recorded a 100% response rate when triggered 50 feet and 100 feet away from workers
(Figure 4.7). This observation was largely due to the high noise level produced by the
construction equipment used (ranging between 70 and 110 dB when measured 5 feet
away from the construction workers) for the paving operation and the constant movement
of workers outside the reach of the sound and visual alerts produced by the WZIAT. In
terms of work-role based response rate, the inspector recorded 100% response rate for
each case study project when each technology was triggered 50 feet away. No work role
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recorded 100% response rate for each case study project when the three alert technologies
were triggered 100 feet away from the worker’s location (Figure 4.8).

Figure 4.7: Response Rates for Case Study Projects (CP) 1, 2, 3, and Cumulative
(Adapted from ODOT 2017)

Figure 4.8: Summary Response Rate for each Worker, All Case Study Projects
(Adapted from ODOT 2017)
The trend observed in Figure 6 suggests a relationship between the response rate and the
distance between the worker and the alarm when triggered. The response rate generally
dropped as the worker’s distance from the alarm increased. Nevertheless, it was observed
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that, in certain cases such as the WAS and Intellicone’s performance in CP1 and CP3,
respectively, a reverse trend was observed (i.e., the response rate increased as the distance
increased). This phenomenon is attributed to the constant movement - sometimes outside
the reach of the visual and sound alarm - required of the “dump operator” and the “screed
worker.”
4.5.5.4.2

Reaction Time

Generally speaking, reaction time can be defined as the time it takes for a person to react
to stimuli. In terms of the current study, reaction time is the time it takes a construction
worker to respond to an alarm produced by an intrusion alert technology. Estimating
reaction time provides a yardstick (measurement) for determining the effectiveness of a
system. Reaction time was estimated using Case Study Project #3 data. The selection of
Case Study Project #3 for reaction time analysis is predicated on the richness of data
recorded relative to Case Study Projects #1 and #2.
In order to estimate a reaction time for each intrusion alert technology, the researcher
developed a process that includes creating multiple data points. Considering the
limitations of relying solely on the primary response source (clickers) for data collection,
the researcher opted to include four other pieces of evidence to reduce bias and a skewed
assessment. In total, the following five data points were analyzed for each target worker
and each technology:
Target worker clicker response: First, the data collected via clickers was synchronized
with the triggering process. As clickers keep a record of response time by default, the
research team ensured that data collection sessions overlapped with alarm triggering.
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Researcher clicker response: Researchers were assigned a clicker and asked to click the
clicker whenever they heard (or saw) the alarm produced by the alert technologies. Each
researcher was assigned to observe one target worker. The researchers were also asked
to maintain close proximity (about 5 feet) with the target worker where possible.
Worker within close proximity: Certain target workers worked within close proximity of
other workers. In certain cases, the target worker would hear the alarm but choose not to
react for various reasons (e.g., busy performing a work operation). Inputting the response
data of the worker within 5 feet of the target worker provides secondary data that
improves the quality of the analysis.
Target worker’s reaction on video: The research team recorded the reaction of each
worker when the alarm was triggered. For Case Study Project #3, workers were asked to
acknowledge hearing or seeing the alarm by raising their hand. Reaction time was
calculated by comparing the video time stamp and observed alarm trigger time (in video).
In situations where the alarm trigger time was difficult to access through video, the
manual recorded start time and clicker time stamp were referenced.
Researcher reaction on video: In certain cases, the researcher might be preoccupied with
observing the target worker or obstructed by the ongoing operation. Researchers were
asked to indicate (verbally) in the video if they heard the alarm. The approximate time
was reversed-engineered using the same process implemented in calculating the target
worker’s reaction on the video.
Table 4.2 summarizes information captured while observing workers in Case Study
Project #3. Median values were selected over mean values given the potential skewness
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inherent with the proposed data collection protocol. In a few cases, the longest response
time recorded was from a secondary data source – not the target worker response. To
ensure that the reported data is realistic, the upper boundary of the range used for
analyzing each worker’s reaction time is the actual reaction time recorded by the
worker’s clicker.
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Table 4.2: Reaction Time when WZIAT is Triggered 50 feet away from Worker (Seconds)
WZIAT
SonoBlaster
Intellicone
WAS

Dump Operator
Range
Median
1.0 – 10.3
6.0
1.0 - 10
1.0

Inspector
Range
Median
1.0 – 2.6
1.0
2.0 – 12.4
6.0
-

Screed Operator
Range
Median
0.5 – 15.1
2.0
2.0 – 4.0
2.9
1.0 – 7.5
1.6

Screed Worker
Range
Median
1.0 – 26.0
9.0
4.0 – 5.2
5.0
2.0 – 9.0
5.2

Paver Operator
Range
Median
1.0 – 6.3
3.0
5.2 – 17.1
8.0
2.0 – 5.7
3.0
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As seen in Table 4.2, the median reaction time for the observed workers ranged from one
to nine seconds. It was impossible to capture any data point for estimating the inspector’s
and dump operator’s reaction times when the Intellicone and WAS were triggered
respectively. As mentioned previously, the dump operator and inspector are relatively
more mobile than the other workers observed.
4.5.5.4.3

Post-Live testing feedback

Following the live testing, participants were asked to provide feedback on each intrusion
alert technology in order to gain a comprehensive overview of worker perception with
respect to the loudness and distinction of each intrusion alert technology. In total, 18
workers (five primary participants from each case study project and three additional
workers from Case Study Project #1) were asked two primary questions:


Was the alarm produced by the technology loud?



Was the alarm produced by the technology distinct?

Using the four response options provided below, the questions above were answered after
each technology was activated.
0 = Did not hear/see anything
1 = Not distinct/loud
2 = Somewhat distinct/loud
3 = Distinct/loud
Figures 4.9 and 4.10 show the response distribution received from the 18 participants.
Approximately 78% of the participants indicated that the SonoBlaster was at least
“somewhat loud” while approximately 40% indicated that the sound and visual alarms
produced by the Intellicone were distinct.
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Figure 4.9: Perception of WZIAT Loudness, All Case Study Projects (Adapted from
ODOT 2017)

Figure 4.10: Perception of WZIAT Distinctiveness, All Case Study Projects
(Adapted from ODOT 2017)
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The overall finding from the live testing indicates that although WZIATs have the
potential to improve worker safety, all of the technologies have aspects that can be
improved in order to increase their effectiveness.

4.6

Conclusions and Recommendations

Given that limited studies utilize a scientific-based evaluation protocol for assessing the
usefulness of construction worker-centric WZSTs, the overarching objective of the
present study was to develop and implement a rigorous technology assessment protocol
for WZSTs that can be utilized by construction organizations. The research objective was
achieved through developing and implementing a 5-step evaluation protocol which
provided essential information required for arriving at an informed decision. The five
steps included an in-depth review of extant literature, a survey of highway construction
and maintenance stakeholders, a detailed pilot study, a focus group session involving
industry experts, and the implementation of technologies on live case study projects.
Results from executing the proposed evaluation protocol indicate that only 2% (out of
102 participants) of the sampled population plan to use WZIAT on a project. This
summation suggests that WZIAT is not widely used as a safety technology in highway
construction. Three WZIATs - SonoBlaster, Intellicone, and WAS - were put through a
series of tests under controlled conditions to determine their strengths and limitations.
SonoBlasters produced the loudest sound across all distances measured while the WAS
produced the most distinctive sound. The Intellicone’s extendable transmission range and
strobe visual alerts were considered key advantages. Feedback received from industry
experts involved in the focus group suggests that the Intellicone is the easiest technology
to implement on a project (rated 3.5 out of 5 where 1 = low to 5 = high). Focus group
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participants also raised doubts regarding the extended usefulness of WZIATs in mobile
operations. Nevertheless, all three WZIATs were tested on three case study projects.
Findings from the live tests indicate that although WZIATs can produce a relatively loud
sound, technology effectiveness measured by response rate ranged between 33% and
100%. No technology was 100% effective across the three case study projects. In
addition, the median worker response time ranged between 1 and 9 seconds. These results
suggest that although the three technologies could be implemented on live highway
construction projects, it is essential that the technology manufacturers improve the
effectiveness of the WZIAT, especially the sound level produced and the coverage range.
Although the proposed evaluation protocol focused on WZSTs, it is important to note
that the key elements discussed in this protocol are vital when evaluating safety
technologies used to improve workers safety across the different subsets of the
construction industry.
Given the quality of information generated from implementing the proposed protocol,
the researcher postulates that the evaluation protocol has the potential to elicit vital
information required for making a sound technology adoption decision. Armed with the
result produced through executing the proposed practical evaluation protocol, a
construction organization could elect to implement the evaluated WZST. As well, it is
important to note that beyond determining if a technology is effective, it is important to
determine the cost implications of adopting a safety technology. Conducting a financial
analysis focused on return on investment will provide essential information required to
arrive at a practical decision. Given that multiple criteria could influence the adoption of
a safety technology, a multi-criteria decision making framework such as analytic
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hierarchy process (AHP), choosing by advantages (CBA), or analytical network process
(ANP) should be considered when determining the technology with the greatest value. It
is important to note that given the limited funds construction companies direct towards
technology development and evaluation, and the time required to evaluate a safety
technology, it may be challenging for an organization to reproduce this level of
thoroughness when evaluating a safety technology. However, the recommended process
could be adapted to meet the needs of an organization. For instance, an organization could
choose to skip the focus group phase if they are evaluating a single technology and the
results from the pilot test provided useful quantitative data.
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5 Development and Initial Validation of Construction
Safety Technology Adoption Index
Chapter 5 focuses on developing a tool for evaluating the potential acceptance of a
technology by an organization. Chapter 5 draws on findings reported in Chapter 2 and
Chapter 3. An example of the potential application of the index developed in Chapter
5 is conducted using information generated, in part, from Chapter 4.

5.1 Summary
The need to enhance worker safety in the construction industry has been discussed
extensively in past studies. This need is perpetuated by the high rates of fatality and
injuries in the construction industry. To abate this scourge, construction practitioners
and researchers have identified the use of technology as a primary control tool.
Although recent publication trends suggest an influx of safety management
technologies, the actual adoption and use of these technologies is limited. One reason
reiterated by researchers is the lack of decision support tools required to guide strategic
planning such as adoption of a technology. To fill the gap in research, the primary aim
of the present study is to develop and validate a safety technology adoption decision
support tool. To achieve this aim, factors that could predict the potential adoption of a
safety technology were identified through a structured literature review. In all, 26
predictors, across four categories were identified. A survey of construction
practitioners indicated that 19 out of the 26 predictors were critical while technology
reliability, proven technology effectiveness, and the level of training required are the
most important construction safety technology adoption predictors. Utilizing a
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combination of factor analysis and fuzzy synthetic evaluation (FSE), the researcher
developed a weighting system for a multi-criteria decision making tool termed
construction safety technology adoption index (C-STAI). Results suggests that the
predictors could be categorized into three primary groups - external, organization, and
technology. Technology-based predictors has the most impact in decision-making with
an index coefficient of 0.346. Subsequently, a technology adoption evaluation protocol
was developed and validated. Findings from the present study will benefit construction
professionals and practitioners by providing a repeatable and practical process for
making informed technology adoption decisions that can improve the acceptance of
safety technology by construction workers.

5.2 Introduction
Digitization is considered a primary means of improving project performance within
an industry. As the investment in information and technology research and
development increases, the development and use of advanced technology to support
work operations is expected to increase in most industries. Although the construction
industry is credited as one of the least productive and safe industries, losing
approximately $1.6 trillion due to stagnant productivity and $5 billion due to worker
fatalities, the construction industry lags behind most industries in the development and
implementation of technology (Barbosa et al. 2017; Midwest Economic Policy Institute
2018). Relative to most industries, the construction industry is viewed as a traditional
and technology-stagnant industry (Peansupap and Walker 2005).
The construction industry stands to gain significantly by increasing the use of
technology to manage construction performance (Goodrum et al. 2011). However, the
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integration of technologies within an organization comes at a cost. In addition to capital
and reoccurring costs associated with implementing a technology, a primary reason for
slow technology integration in the construction industry is the impact arising from a
failed technology integration attempt (Goodrum et al. 2011).
According to a National Institute of Standards and Technology (NIST), there is a
critical need for a readiness index for assessing high-cost, high-risk, and high-impact
construction innovation (NRC 2009). This readiness index would help decision-makers
arrive at a congruent decision to fund or not fund the implementation of a new
technology, thereby saving cost and time associated with technology integration.
However, limited studies focused on developing a technology-measuring index have
been conducted.
Against this backdrop, the aim of the present study is to develop a tool that could be
used to assess the potential adoption of a safety technology in the construction industry.
The objectives of the present study include: (1) identify indices for assessing the
potential technology acceptance by an organization; (2) develop weights for each
index; (3) develop a technology adoption prediction and measuring model; (4) validate
the predictive strength of the model; and (5) apply the model on a case study. Utilizing
data from previous efforts of the researcher and frameworks proposed by other authors
allowed for the development of a construction safety technology adoption index (CSTAI). According to Nnaji et al. (2018), supporting adoption decisions using a
predictive decision support tool allows for more congruent decision-making.
First, drawing from past research, the present study highlights factors that can be used
to predict the adoption of a technology. Through statistical analysis, these predictors
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were classified into three categories (external, organizational, and technical), and
weights were generated for each category followed by the development of an index. A
case study applying the index is described after the predictive strength of the framework
was validated using methods from information systems research.

5.3 Literature Review
5.3.1

Construction Safety Management Technologies

A review of extant studies of technology use in the construction industry suggests that
although most technologies used in the construction industry focus on supporting
productivity, a decent amount of technologies are increasingly used to improve worker
safety. Recent studies have highlighted the important role technology could play in
improving safety management in construction projects. Zhou et al. (2013) reviewed the
application of advanced technologies in construction safety management. Results from
the study identified about 30 types of technologies used in safety management based
on appearance in existing literature. According to Zhou et al. (2013), publications
related to safety management technology in the building construction sector increased
from 5 to 19 between 2002 and 2012, representing a 280% increase. Virtual reality and
sensors are the predominant technologies referenced in literature (Figure 5.1). For
instance, Waly and Thabet 2003 utilized virtual reality to identify potential worker
safety concerns in the design and planning phases of the building process. In addition,
Perlman et al. (2014) conducted an experimental study to examine the impact of virtual
reality technologies on hazard identification. Results from these studies indicate that
virtual reality could improve worker safety through early detection of potential hazards.
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It is important to note that most of the technologies reviewed by Zhou et al. (2013)
were focused on improving worker safety in building construction.

Figure 5.1: Advanced Technologies used for Safety Management
[Adapted from Zhou et al. (2013)]
The highway construction industry records approximately 118 construction worker
fatalities annually (NWZSIC 2017). Of recent, several contractors and State
Departments of Transportation (DOTs) have pushed for an increased use of safety
innovations such as safety technologies to improve worker safety in highway
construction. To this effect, several technologies have been evaluated and implemented
on highway construction projects with the objective of improving workers safety. In
most cases, the primary objective of the safety technologies is to modify external
factors that could lead to worker injury or death. For instance, changeable message
signs (CMSs) and speed enforcement systems (SESs) are implemented in highway
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work zones to reduce motorist speed since increased vehicle speed in a work zone has
a positive correlation with increased work zone accidents (Finch et al. 1994). An
analysis of work zone safety technology studies suggests a 270% growth in the number
of evaluation studies between 2001 and 2011. The technologies evaluated in these
studies include an automated flagger assistance device (AFAD), proximity warning
systems (PWS), warning lights, work zone intrusion alert technology (WZIAT), along
with others. Most of the safety technologies evaluated in these studies focused on
altering motorist behavior (Figure 5.2). While altering motorist behavior is important,
developing and implementing technologies that warn a worker of an impending
incident is also vital since worker fatalities in work zones are primarily caused by
vehicle-worker interaction (FHWA 2017). Devices such as proximity warning systems
and intrusion alert systems hold some promise at improving worker safety in work
zones. However, few companies and DOTs use these technologies as part of work zone
safety management (Nnaji et al. 2018b).
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Figure 5.2: Number of Evaluation Studies for Each Type of Work Zone Safety
Technology (WZST)
Given that the presence of construction safety technologies among available literature
does not imply actual use of these technologies, it is essential to investigate the actual
use of these safety technologies in the construction industry.
5.3.2

Construction Safety Technology used by Contractors

While available studies suggests a growth in the number of technologies that could
enhance construction worker safety, limited research has focused on assessing the
actual rate of safety technology adoption in the construction industry. A study
conducted by Borhani (2016) suggests that although the use of emerging technologies
for safety management only began in 2009, the rate of use increased significantly
between 2013 and 2016. Also, Borhani’s study indicates that the top three technologies
used by the sampled contractors are safety-specific software applications, information
and communication technology (ICT) devices, and building information modeling
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(BIM). Nnaji et al. (2017) assessed the effectiveness of safety innovations and the level
of safety innovation awareness among construction practitioners in Nigeria. As part of
the study, four technologies - BIM, location technologies (e.g., GPS), virtual reality,
and safety information management systems - were assessed. Results from the study
suggest that 50% - 60% of respondents were aware of the technologies. However, the
study did not explicitly state whether these technologies were adopted by the
organizations represented by the respondents.
A recent report released by SmartMarket (2017) assessed the current state of
construction safety management in the United States.

Of the 334 participating

contractors, approximately 50% indicated previous or current use of BIM for safety
management purposes. Of those contractors using BIM, 69% indicated that BIM had a
positive/very positive impact on worker safety. Eighty-two percent of respondents
indicated that BIM’s ability to assist safety managers and workers to identify potential
site hazards prior to construction commencement was the primary way BIM improves
safety. In terms of application of emerging safety technologies such as wearable
devices, laser scanning, robotics, virtual reality, photogrammetry, and drones, only
approximately one-third of the sampled construction general contractors indicated
current use of at least one of these technologies for performing safety activities.

5.4 Point of Departure
From the studies discussed in Chapter 5.3, it is clear that there is an influx of
technologies that could be used to improve worker safety. Only a small fraction of
contractors use some technologies for managing construction worker safety; a
significant portion of construction organizations do not implement commercially
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available safety technologies. One plausible reason for the observed trend could be the
lack of empirically supported decision-support tools for guiding a potential safety
technology adoption (Nnaji et al. 2018a). According to Haymaker et al. (2013), the
decision process models currently in use in the construction industry rely primarily on
using personal experience. Martinez et al. (2016) contended that the reliance on
personal experience when selecting among alternatives does not necessarily lead to the
selection of the best alternatives. It could be argued that utilization of empiricallybacked decision support tools leads to congruent decision-making thereby ensuring
reduced cost and time associated with integrating the safety technology into work
processes.
To the best of the researcher’s knowledge, only one study has focused on developing a
decision support tool for integrating safety technology into construction operation
(Nnaji et al. 2018a). However, the multi-criteria decision support tool developed and
implemented in the study focused on choosing between available safety technology
alternatives which is considered part of the implementation phase in the technology
integration process (TIP). Although noteworthy, utilizing a decision support tool at the
adoption phase will optimize the integration process. Applying a decision support tool
in the adoption phase will ensure that only alternatives of a safety technology that meet
a pre-defined set of criteria are considered in the implementation phase thereby
ensuring a more effective integration process.
Given the observed and projected growth in technology development and application
and the cautiousness of the construction industry towards technology adoption,
developing empirically driven decision support tools that guide industry professionals
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involved in technology integration in the construction industry is essential. Therefore,
the present study aims to fill this gap in practice by developing a statistically robust
process for assessing the potential acceptance of a worker safety technology.

5.5 Methodology
To adequately meet the objectives of the present study, several research methods
including a comprehensive literature review, a questionnaire survey for data collection,
and a case study were utilized. Quantitative data analysis tools such as mean scoring
ranking technique, factor analysis, structural equation modeling, and fuzzy synthetic
evaluation (FSE) were implemented to develop an empirically supported decision
support tool. The methodology was adapted from previous studies conducted by Mu et
al. (2014), Osei-Kyei and Chan (2017), and Hu et al. (2016). Figure 5.3 depicts the
research structure for the present study.

Figure 5.3: Research Process (MCDM and TPB refers to multi-criteria decision
model and theory of planned behavior, respectively)
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5.5.1

Identification of CSTA predictors

The construction safety technology adoption (CSTA) predictors used in this section
were derived from previous studies on construction technology adoption. Specifically,
26 predictors of technology adoption were identified through an exhaustive and
structured literature review process described in Chapter 2. It is expected that by
combining the 26 predictors, an index for predicting and measuring the potential
successful adoption of a safety technology can be developed.
5.5.2

Questionnaire Survey

Following the identification of technology adoption predictors through a
comprehensive review of literature, a survey of construction professionals was
undertaken to provide insight on the level of importance of each technology adoption
predictor. A survey is considered an appropriate research tool when seeking a
representative picture of perception of a large group (Fellows and Liu 2016). In line
with Abowitz and Toole’s (2010) recommendation, the survey was designed to capture
both qualitative and quantitative data to improve the reliability of the results generated
through the survey.
A survey was designed by the researcher and approved by Oregon State University’s
(OSU) Institutional Review Board (IRB). Prior to IRB approval, the researcher
conducted an initial pilot study (using members of the Gambatese Research Group
[GrG]) to verify that the questions posed in the survey adequately covered the objective
of the study. The survey consisted of three primary sections: (1) demographic
questions, (2) respondents were asked to rate the level of importance of the 26
technology adoption predictors identified through literature review, and (3)
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respondents were asked to indicate their level of agreement with technology acceptance
assessment items. The survey questions were designed using a 5-point Likert-scale
ranging from 1 to 5 where “1” represents not important, “3” represents neutral, and “5”
represents very important. A pilot survey was launched prior to the dissemination of
the survey to determine face and internal validity. Subsequently, the survey was
distributed nationally to elicit responses from construction stakeholders on the
importance of the identified predictors.
5.5.2.1

Sample Size Selection

In the construction industry, technology adoption typically occurs through a top-bottom
approach. That is, in most situations, the top management of an organization identifies
and approves the use of a technology and then directs the workers to use the technology.
The inverse, bottom up approach, also occurs in certain scenarios given the type of
company, size of company, organizational culture, and other company attributes.
Having a mix of both approaches indicates that everyone within the value chain of
construction delivery plays a role in technology adoption. Therefore, to develop a
robust safety technology predictive tool, it is essential to capture perceptions from a
representative sample of construction professionals in the different work categories
(construction manager, construction engineers, foreman, carpenter, etc.) and with
different levels of experience. To this end, a sample distribution that represents the
number of workers and work category in the construction industry is required.
When a target population is larger than 100,000, a sample size can be determined using
Equation 1 (Krejcie and Morgan 1970).
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𝑆𝑠 =

𝑧 2 𝑋 𝑝 𝑋 (1−𝑝)
𝑒2

Eq. 1

Where:
Ss = Sample Size
 z = Z-value (confidence level, e.g., 95%)
 p = variability of responses [an even 50-50 chance is typically used to determine
a conservative sample size (Israel 1992)]
 e = Sample error (e.g., .05 = +/- 5 percentage points)
Consistent with previous studies, a 95% confidence interval, which represents 1.96
under the normal curve (z), and a sample error of 0.05 were selected to estimate the
sample size (Israel 1992). Following the calculation, a sample size of 384 participants
was determined to be sufficient.
In total, approximately 2,200 survey questionnaires were distributed to construction
personnel via email. The construction personnel targeted for the survey were identified
using two primary sources: (1) OSU Civil and Construction Engineering Alumni list
serve (about 700 email addresses), and (2) construction professional database managed
by Qualtrics Analytics (1500). The Qualtrics database platform is a nationally respected
web-based survey system (Hanna et al. 2016). Qualtrics Panel was selected as a
distribution channel to ensure that data was acquired from different geographical
regions in the U.S. thereby making the present study’s results more generalizable.
Qualtrics maintains an extensive and robust database of professionals in different
industry including constriction (https://www.qualtrics.com/online-sample/). Selection
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criteria such as minimum allowable age to participate (18 years) and need for
participant to be actively involved in the construction industry were included to ensure
only individuals who can provide valuable insight were targeted and included in the
present study.
To avoid potential cases of response duplicity, the Qualtrics Panel survey was launched
first, followed by distribution to the OSU CCE list serve. The survey sent to the OSU
CCE alumni included a request that potential participants who might have filled out the
survey previously should not participate. It is expected that providing this instruction
would limit duplicate responses since construction professionals are known for not
participating in surveys and participants had no incentive to complete the second
survey. However, the author acknowledge a potential limitation with the sampling
technique given that it is somewhat impossible to conclusive eliminate possible
duplications.
Overall, 337 responses were received from both sources, which represents a 15.3%
response rate. According to Bing et al. (2005), a lower response rate of 11% is not
uncommon in construction management research. The number of responses received is
47 responses below the estimated participants’ threshold (384 target sample size).
Following close examination of the data, 80 responses were deleted due to insufficient
data and quality control (straight lining, etc.). Following the adjustments, a total of 257
responses were considered acceptable for analysis. With the confidence level held
constant (95%), the sample size represents a sample error of 6.2%, slightly above 5%
and significantly below 10%. Previous studies in construction management have used
sample errors between 10% and 20% (Karakhan and Gambatese 2017; Chan and Au
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2008). Therefore, a sample error of 6.2% is considered sufficient to make conservative
inferences for the present study.
5.5.3

Mean Scoring Ranking Technique

Multiple studies within construction management have relied on a mean scoring (MS)
method as a way to establish the relative importance of a set of factors (Xu et al. 2010;
Mu et al. 2014; Osei-Kyie and Chan 2017). This method was utilized to analyze the
data collected from the participants in this study. Specifically, the MS method was used
to determine the importance of each technology adoption predictor identified from the
review of existing literature. The MS for each predictor was calculated using the Likert
scale (1 = not important and 5 = very important) responses provided by participants.
The MS for each predictor was determined using Equation 2:

𝑀=

∑𝑠𝑖=1 𝑠𝑖 𝑝𝑖
∑𝑠𝑖=1 𝑝𝑖

Eq. 2

Where: si represents weight assigned to ith response, si = 1,2,3,4, and 5 for I = 1,2,3,4,
and 5; pi represents the frequency of the ith response; and i represents response
category =1, 2, 3, 4, and 5 ranging from most important to least important.
5.5.4

Factor Analysis

Given the impracticality of developing an adoption index using 26 standalone
technology adoption predictors, it is essential to categorize these predictors into
manageable groups. Although these predictors were categorized into four groups –
organizational, individual, external, and technology – in Chapter 2, utilizing a statistical
approach to categorize these predictors enhances the validity of the proposed adoption
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index. In the present study, factor analysis (FA) was used to statistically identify
potential groups for the technology adoption predictors. FA is considered an effective
statistical tool for identifying smaller groups from many interrelated variables (Lee et
al. 2015). In addition to its capacity to identify and interpret non-correlated element
clusters, FA does a good job in explaining complex phenomena (Osei-Kyei and Chan
2017). This capability is especially valuable given the expected complexity associated
with developing a valuable adoption index for multi-criteria decision making.
Prior to executing factor analysis, it is essential to verify the appropriateness of the data
collected and the factor model. According to Lee et al. (2015), two main concerns determine variable-to-sample ratio sufficiency and relationship strength among the
variables - have to be resolved prior to implementing factor analysis.
5.5.5

Fuzzy Synthetic Evaluation

Of recent, researchers have encouraged the use of Fuzzy Synthetic Evaluation (FSE)
as an effective statistical tool for developing measuring tools such as multi-criteria
decision support frameworks (Hu et al. 2016; Osei-Kyie and Chan 2017). FSE is a
robust modeling technique used in management and engineering research to quantify
multi-levels, multi-evaluations, and multi-attributes (Mu et al. 2014; Hu et al. 2016;
Osei-Kyie and Chan 2017). For instance, FSE was relied on as the primary tool in
studies related to risk assessment, project performance assessment, project delivery
assessment, and performance benchmarking (Osei-Kyie and Chan 2017; Ameyaw and
Chan 2015b).
FSE’s strength lies in its ability to deal with issues associated with subjective, vague,
and imprecise information (objectify subjective judgement) and its robustness against
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inadequacies in sample size and sample techniques (Pedrycz et al 2011). The researcher
considered FSE as an adequate tool for developing the technology adoption index given
that the decision to adopt a technology in the construction industry is usually a
multifaceted phenomenon and the subjective nature of the data collection process
utilized in most perception-based studies – including the present study. Typically,
applying the FSE modeling process involves six primary steps (Hu et al. 2016; OseiKyie and Chan 2017):
I.

Establish a basic set of predictors, Π = {p1; p2;p3 ... pn}

where p represents the identified technology adoption predictors and n represents the
number of technology adoption predictors.
II.

Label the set of rating alternatives as L = {L1; L2; L3 …Ln}

where L represents the rating measurement scale and n represents the number of
categories in the measurement scale. The present study adopted a five-point Likert scale
(L1, L2, L3, L4, and L5) where 1 = very low, 3 = moderate, and 5 = very high.
III.

The weighting (W) for each technology adoption predictor is determined using
Equation 3
𝑀𝑖

𝑊𝑖 = ∑5

𝑖=1 𝑀𝑖

0 ≤ 𝑊𝑖 ≤ 1,

∑ 𝑊𝑖 = 1

Eq. 3

where Wi = weighting; Mi = mean score of a predictor; and ∑Wi=1 = mean rating sum.
IV.

Apply an evaluation matrix for every technology adoption predictor
𝑅𝑖 = (𝑟𝑖𝑗)𝑚𝑥𝑛

where rij is the degree to which alternative Lj satisfies the criterion fj
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V.

Evaluate the weighting vector and fuzzy evaluation matrix using Equation 4.
𝐷 = 𝑊𝑖°𝑅𝑖

Eq. 4

where D = final FSE evaluation matrix; and ○ = fuzzy composition operator
VI.

Normalize the FSE matrix, and the TAI is developed using Equation 5:

𝑇𝐴𝐼 = ∑5𝑖=1 𝐷 𝑥 𝐿

Eq. 5

where D = final FSE evaluation matrix; L = The set of grade categories are the scale
measurement

5.6 Data Analysis and Results
5.6.1

Demographic Information

Review of the survey geographical distribution indicates that responses were received
from 46 states spread across the five regions in the U.S. As listed in Table 5.1,
approximately 45% of the responses where from the West, with Oregon contributing
the most responses (64 responses). The skew towards the west coast is primarily due to
the responses received through from participants drawn from the OSU alumni list serv.
Regardless of this skew, at least 30 responses was received from each region, which is
considered sufficient.
Table 5.1: Responses received according to Geographical Location
Region
West
Midwest
SouthEast
SouthWest
NorthEast
Total

No. of Respondents Percentage Distribution
116
45%
42
16%
34
13%
33
13%
32
12%
257
100%

137
5.6.1.1

Experience

Approximately 32% of the participants had 20 or more years of experience in the
construction industry (Figure 5.4). The level of experience observed in the data is
particularly important since feedback from individuals with extensive experience is
valuable for framework development. Only approximately 3% of the respondents had
a year or less experience in the construction industry.

Figure 5.4: Survey Participants’ Work Experience
5.6.1.2

Decision-making process

Past research indicates that construction professionals rely on experiential knowledge
and basic cost benefit analysis when making decisions (Nnaji et al. 2018; Lam et al.
2007). Given that reliance on experiential knowledge is constrained with several
limitations (Nnaji et al. 2018), it is important that construction personals shift towards
implementing multi-criteria decision-making frameworks when making decisions –
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especially decisions that could alter their current processes (adopting innovation
typically alters the prevailing process within an organization). To verify the state of
decision making within the construction industry, the researcher asked respondents to
indicate the methods they use when making decisions in the construction industry. As
seen in Figure 5.5, approximately 23% of the respondents use a variation of cost-benefit
analysis when making a decision. Reliance on experiential knowledge and utilizing
personal intuition are ranked after cost-benefit analysis. This result is consistent with
past research that states that construction personnel utilize experiential knowledge and
cost benefit analysis to make decisions (Haymaker et al. 2013).

Figure 5.5: Respondents’ Decision-Making Methods
5.6.1.3

Experience making adoption or purchasing decision

Although it could be assumed that the level of experience (in years) and the higher the
position held in a construction organization are consistent with greater decision-making
expectations, the researcher asked participants how often they are involved in making
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purchasing decisions – including decisions to adopt innovative ideas of technology.
More than 50% of the respondents indicated that they made such decisions very often
while only 7% of the respondents are not directly involved in making purchasing and
adoption decisions (see Figure 5.6).

Figure 5.6: Decision Making Frequency
More specific to technology, only 21 percent of the respondents indicated not having
direct involvement in adoption decisions for an innovation (technology or practice).
5.6.2

Mean Score ranking

Results from descriptive analysis of the collected data indicate that all predictors were
rated above 3 on a scale of 1 = not important to 5 = very important. Table 5.2 shows
the mean rating and the rank (based on the mean rating) of each predictor. As shown in
Table 5.2, technology reliability, proven effectiveness, level of required training,
technology durability, and having the right features are ranked the top five predictors
while technology brand is ranked as the least important out of the 26 predictors.
Although all 26 factors were rated relatively high (mean rating above 3), the
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development of an index requires only critical variables (Chan et al 2010; Mu et al.
2014). Hence only predictors with a relatively high level of importance should be
selected. One method for determining critical factors is through normalizing the mean
values obtained from a descriptive analysis (Ameyaw and Chan 2015; Xu et al. 2010).
Normalization typically involves assessing the importance of each variable (predictor,
in this case) relative to other variables being evaluated (i.e. normalized value = (actual
value – min. value)/(max. value – min. value)).
Consistent with past studies (Osei-Kyie and Chan 2017; Chan et al. 2014), predictors
with normalization values equal to or above 0.5 are retained while predictors with
normalization values below 0.5 are dropped. Therefore, the predictors “Potential level
of resistance from employees,” “Industry-level change requires technology adoption,”
“Capital cost of technology,” “Direct competitors adopt similar technology,”
Organization’s technology budget,” “Partners adopt similar technology,” and
“Technology brand” were dropped from the list, leaving 19 predictors.
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Table 5.2: Mean Rating and Overall Ranking of Technology Adoption Predictors
(N=257)
Technology Adoption Predictors
Technology reliability
Proven technology effectiveness
Level of training required
Technology durability
Having the required features
Level of complexity
Level of technical support required
Level of technical support available
Client demand to use a technology
Triability
Observability
Organization culture
Competitive advantage
Versatility
Potential cost savings
Peer Influence
Top management degree of involvement
Level of compatibility with current processes
Government policy and regulation
Potential level of resistance from employees
Industry-level change requires technology
adoption
Capital cost of technology
Direct competitors adopt similar technology
Organizations technology budget
Partners adopt similar technology
Technology brand

Mean SD
Rating
4.33
0.87
4.19
0.89
4.18
0.95
4.18
0.90
4.17
0.85
4.13
0.98
4.13
0.89
4.08
0.89
4.01
0.99
3.99
0.92
3.98
0.91
3.97
1.01
3.93
0.93
3.93
0.97
3.90
1.08
3.88
0.92
3.87
1.03
3.83
1.07
3.81
1.08
3.78
1.03
3.78
0.97
3.67
3.38
3.36
3.29
3.28

1.02
1.14
1.00
0.93
1.18

Rank
1
2
3
3
5
6
6
8
9
10
11
12
13
13
15
16
17
18
19
20
20

Normalization
Value
1.00
0.87
0.86
0.86
0.85
0.81
0.81
0.76
0.70
0.68
0.67
0.66
0.62
0.62
0.59
0.57
0.56
0.52
0.50
0.48
0.48

22
23
24
25
26

0.37
0.10
0.08
0.01
0.00

Next, Pearson correlation was conducted to investigate the possibility of any multiplier
effect within the 19 key technology adoption predictors identified after normalizing the
data presented in Table 5.2.
The output (identification of 19 key predictors) of the mean ranking process provides
information required to develop the technology adoption index using FSE. Specifically,
these predictors are the output of the first step in the FSE process (see Section 5.5.5).
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5.6.3

Factor Analysis

As previously mentioned, two primary issues have to be resolved prior to conducting
factor analysis. First, it is essential to determine variable-to-sample ratio sufficiency.
Past research in construction management suggests that a ratio of at least one variable
to five samples (1:5) is required to satisfy the suitability requirement (Hair et al. 1998;
Lingard and Rowlinson 2006). The present study comprises 26 technology adoption
predictors (variables) and a total of 257 participants (sample). Following data
normalization (see Table 5.2), seven predictors were dropped leaving 19 predictors.
Therefore, the variable-to-sample ratio is approximately 1:13.5 which surpasses the
threshold proposed in previous studies.
Next, it is paramount to assess the relationship strength among the variables (Pallant
2001). Existing literature suggest evaluating the relationships (correlation) using
Bartlett’s test of sphericity (sampling adequacy) using the Kaiser-Myer-Olkin (KMO)
index (Xu et al. 2010; Chan et al. 2010). To meet the Bartlett’s test of sphericity, a
significant value of less than 0.05 (p < 0.05) is required. The obtainable KMO value
ranges from 0 to 1, where values greater than 0.5 are considered sufficient (Norusis
2008). As listed in Table 5.3, a significant value below 0.05 (0.000) was achieved as
well as a KMO above 0.7 (0.931). The results substantiate the suitability of the data for
further analysis using factor analysis.
Table 5.3: KMO and Bartlett's Test
Test
Kaiser-Meyer-Olkin Measure of Sampling Adequacy
Bartlett's Test of Sphericity
Approx. Chi-Square
df
Sig.

Result
.931
2261.980
171
.000
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Using SPSS software package 24 (SPSS 2018), a principal component extraction with
varimax rotation was executed. Varimax rotation was selected due to its ability to
simplify interpretation and the lack of high inter-correlation between components
(Osei-Kyei et al. 2014; Hon et al 2012). Following seven iterations, three categories,
which accounted for 59% of the variance in responses received, were extracted (Table
5.4). These categories have eigenvalues greater than 1.0 (Hair et al. 2010). The
correlation between variables (predictors in this case) with the categories are referred
to as factor loadings. For instance, the level of correlation between “level of
complexity” and “category 1” is 0.473. According to (Norusis 2008), factor loadings
above 0.5 suggests acceptable correlation. Only one predictor (level of complexity) out
of 19 has a factor loading below 0.5. Although below 0.5, the factor loading of “level
of complexity” could be approximated to 0.5, meeting the threshold recommended by
(Norusis 2008).
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Table 5.4: Categorization of Technology Adoption Predictors
No.

Adoption predictors

Factor loadings

Eigenvalue

PVEa

8.831
25.629
Category 1: Technology Predictors:
TP1 Level of complexity
0.473
TP 2 Having the required features
0.635
TP 3 Level of technical support required
0.661
TP 4 Level of technical support available
0.713
TP 5 Level of training required
0.575
TP 6 Technology durability
0.668
TP 7 Proven technology effectiveness
0.730
TP 8 Reliability
0.801
TP 9 Versatility
0.650
1.323
22.091
Category 2: Organizational Predictors:
OP 1 Potential cost savings
0.661
OP 2 Compatibility with current processes
0.701
OP 3 Competitive advantage derived from
0.524
using the technology
OP 4 Top management participation
0.688
OP 5 Organization culture
0.657
OP 6 Peer influence
0.688
OP 7 Observability
0.673
OP 8 Triability
0.570
1.080
11.414
Category 3: External Predictors
EP 1 Government policy and regulation
0.731
EP 2 Client demand
0.677
a - Percentage of variance explained; b - Cumulative percentage of variance explained

CPVEb
25.629

47.720

59.133

In addition, a reliability test was conducted using Cronbach’s coefficient alpha model
to ensure internal consistency among items. First, data reliability was assessed among
items (predictors) within each proposed category followed by an overall reliability test
(all 19 predictors). According to Nunnaly (1978) and Hair et al. (2010), an alpha
coefficient greater than 0.6 suggests acceptable internal consistency among responses
received from participants. As seen in Table 5.5, the alpha for each category ranged
between 0.576 and 0.904 with a total alpha of 0.934. Although not above the
recommended threshold (0.6), an alpha value of 0.576 is considered sufficient given
that only two variables are within the category and the value is close to 0.6. However,
the relatively high level of correlations reported across the predictors suggests
uniformity in the responses received from participants.
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It is important to note that the categorization chosen as an outcome of the factor analysis
is similar to the technology-organization-environment framework used extensively in
information systems research (Baker 2012).
Table 5.5: Reliability Assessment of each TAI Category
Category
Technology
Organization
External
Total
5.6.4

No. of predictors
9
8
2
19

Cronbach’s Alpha
0.904
0.872
0.576
0.934

Develop weightings for technology adoption predictors and each category

To develop the weighting for each technology adoption predictor and the three primary
categories, the researcher applied the process described in the third step of the FSE
(Section 5.5.5). The mean rating needed for applying Equation 3 is extracted from
responses received from the survey participants (Table 5.2). To calculate the weight of
each predictor, the total MS of each category should be first calculated. The total MS
is derived by summing all the predictors within a category. The weight for each
technology adoption predictor is then derived by dividing the mean value of a specific
predictor by the total MS. For instance, the weight of “level of complexity” is derived
by dividing its mean rating of 4.13 by the sum of predictors in category 1 (Technology
Predictors). This calculation can be represented as:

𝑊𝑡𝑎𝑝1 =

4.13
4.13
=
4.13 + 4.17 + 4.08 + 4.13 + 4.18 + 4.18 + 4.19 + 4.33 + 3.93 37.32
= 0.111

For the weight of each category, the total MS of a given category is divided by the sum
of all MS (or the sum of the three “Total MS for each category”).
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For

instance,

the

𝑊𝐶𝑡𝑎𝑝1 =

weight

of

category

1

is

given

as:

37.52
37.32
=
= 0.488
37.32 + 31.35 + 7.82 76.49

This process is repeated to develop the weight for each predictor and the weight of each
category. Table 5.6 lists the mean ratings of the predictors, total MS for each category,
and their respective weights.
Table 5.6: Mean rating and weights of technology adoption predictors and categories
Number Predictors

Technology Predictors

Mean Weight
Total MS Category
Rating of
for each Weight
predictor category
37.32
0.488

Level of complexity
Having the required features
Level of technical support required
Level of technical support available
Level of training required
Technology durability
Proven technology effectiveness
Reliability
Versatility
Organizational Predictors

4.13
4.17
4.08
4.13
4.18
4.18
4.19
4.33
3.93

0.111
0.112
0.109
0.111
0.112
0.112
0.112
0.116
0.105

Potential cost savings
Compatibility with current processes
Competitive advantage derived from
using the technology
Top management participation
Organization culture
Peer influence
Observability
Triability
External Predictors
Government policy and regulation
Client demand
Total Group MS

3.90
3.93
3.97

0.124
0.125
0.127

3.87
3.83
3.88
3.98
3.99

0.123
0.122
0.124
0.127
0.127

3.81
4.01

0.487
0.513

31.35

0.410

7.82

0.102

76.49
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5.6.5

Determine membership function for technology adoption predictors and
categories

Typically, the FSE membership function is derived at two or three levels depending on
the objective of the study (Mu et al. 2014; Ameyaw and Chan 2015a). A membership
function is a value ranging between 0 and 1 that represents the degree of an element’s
membership in a fuzzy set (Osei-Kyei and Chan 2017). The levels refer to the need to
derive a membership function for a subset (Level 2) prior to developing a membership
function for a collective (Level 1). In the present study, Level 2 refers to membership
functions for the technology adoption predictors while Level 1 refers to the
membership function for the categories. The Level 2 membership function is obtained
from the response distribution received from each survey participant. The distribution
is based on the respondents’ ratings of predictors using a scale of 1 to 5 were 1
represents least important and 5, very important. For instance, 3% of participants rated
the complexity of a technology as the least important predictor of adopting a safety
technology while 43% considered the complexity of using the technology as a very
important predictor (see Table 5.7). The membership function for T1 (first predictor in
technology category) is shown below:

𝑀𝐹𝐼1 =

0.03 0.03 0.14 0.37 0.43
+
+
+
+
𝐿1
𝐿2
𝐿3
𝐿4
𝐿5

Where L represents the number of categories in the measurement scale [L1 = 1 (not
important) and L5 = 5 (very important)]
The membership function for T1 is stated as (0.03, 0.03, 0.14, 0.37, and 0.43) as shown
in Table 5.7. A similar process is implemented to derive the membership functions of
other technology adoption predictors (Table 5.7).
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Table 5.7: Level 2 and 1 membership function
Category
(Level 1)
Technology

Predictors
(Level 2)

1 Level of complexity
2 Having the required features
3 Level of technical support
required
4 Level of technical support
available
5 Level of training required
6 Technology durability
7 Proven technology effectiveness
8 Reliability
9 Versatility
Organization
1 Potential cost savings
2 Compatibility with current
processes
3 Competitive advantage
4 Top management participation
5 Organization culture
6 Peer influence
7 Observability
8 Triability
External
1 Government policy and
regulation
2 Client demand

Weight of Membership Function at
predictors 2 (predictors)
1
2
3
4
0.11
0.03 0.03 0.14 0.37
0.11
0.00 0.05 0.13 0.42
0.11
0.01 0.04 0.16 0.44

Level Membership Function at Level
1 (categories)
5
0.02 0.04 0.14 0.39 0.42
0.43
0.40
0.35

0.11

0.02 0.04 0.14 0.42 0.39

0.11
0.11
0.11
0.12
0.11

0.02
0.02
0.01
0.02
0.02

0.06
0.04
0.04
0.02
0.06

0.16
0.11
0.14
0.10
0.21

0.36
0.41
0.38
0.34
0.39

0.45
0.42
0.44
0.53
0.32
0.02 0.06 0.20 0.40 0.32

0.12
0.13

0.03 0.10 0.16 0.36 0.35
0.01 0.08 0.19 0.43 0.30

0.13
0.12
0.12
0.12
0.13
0.13

0.02
0.04
0.04
0.01
0.02
0.02

0.49

0.03 0.10 0.23 0.32 0.32

0.51

0.03 0.05 0.17 0.39 0.36

0.07
0.05
0.07
0.06
0.04
0.05

0.18
0.24
0.19
0.25
0.20
0.19

0.37
0.37
0.40
0.40
0.42
0.42

0.36
0.31
0.30
0.28
0.32
0.33
0.03 0.07 0.20 0.35 0.34
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Following the creation of the membership function for Level 2, Equation 4, D = Wi°Ri,
is then used to derive the membership function for Level 1. Wi represents the weightings
of all predictors within each category and Ri represents the fuzzy matrix. For example,
the membership function of external predictors is as follows:
0.03
0.03

(0.49 and 0.51)|

0.10
0.05

0.23
0.17

0.32
0.39

0.32
|
0.36

= 0.49 ∗ 0.03 + 0.51 ∗ 0.03, +0.49 ∗ 0.10 + 0.51 ∗ 0.05, 0.49 ∗ 0.23 + 0.51
∗ 0.17, 0.49 ∗ 0.32 + 0.51 ∗ 0.39, 0.49 ∗ 0.32 + 0.51 ∗ 0.36
= (0.03, 0.07, 0.20, 0.35, 0.34).
Using a similar process, the membership function for the technology category and
organization category are derived. Table 5.7 shows Level 1 and Level 2 membership
functions.
Next, the adoption index for each category is calculated using the equation below:
𝑇𝐴𝐼 = ∑5𝑖=1 𝐷 𝑋 𝐿
where D = final FSE evaluation matrix; L = The set of grade categories are the scale
measurement
The TAI for the three categories (C1 = Technology, C2 = Organizational, and C3 =
External) are calculated as:
𝑇𝐴𝐼 𝐶1 = (0.02, 0.04, 0.14, 0.39, 0.42) ∗ (1,2,3,4,5) = 4.15
𝑇𝐴𝐼 𝐶2 = (0.02, 0.06, 0.20, 0.40, 0.32) ∗ (1,2,3,4,5) = 3.92
𝑇𝐴𝐼 𝐶3 = (0.03, 0.07, 0.20, 0.35, 0.34) ∗ (1,2,3,4,5) = 3.91
A linear and additive model was adopted to develop the TAI. An additive model was
considered appropriate for this study given the lack of correlation between the variables
and among the categories, which is a primary requirement for linear models. In addition,
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previous studies adopted a similar approach when developing a benchmarking index
using FSE (Chan et al. 2015; Osei-Kyei and Chan 2017). As shown in Table 5.8,
technology-based predictors has the most impact on the potential adoption of a safety
technology.
Table 5.8: TAI and Coefficient for each Category
ID Number

Category

Technology
Adoption Index
C1
Technology Predictors
4.15
C2
Organizational Predictors
3.92
C3
External Predictors
3.91
Total
11.98
Coefficient = (TAI for Category/∑ TAI for Category)

Coefficient
0.346
0.327
0.327
1.00

This finding is consistent with past studies conducted by Roger (2003) and Venkatesh
and Davis (2000) which suggest that a technology’s characteristics play a vital role in
the successful adoption and eventual diffusion of that technology. Also, Table 5.8
indicates that the TAI for Organization-based and External-based predictors are
approximately equal. However the maximum difference between the three categories is
only 0.24, which suggests that all three categories are important.
The technology adoption index for measuring and predicting the acceptance of a safety
technology is expressed by the Equation 6:
TAI = (0.346 * Technology Predictors) + (0.327 * Organizational Predictors) + (0.327
* External Predictors)

Eq. 6

where Technology predictors, Organizational predictors, and External predictors are the
aggregated average value of the predictors within each category.
Additional information explaining the implication of the equation and how it can be
used is discussed in section 5.7.
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5.7 Construction Safety Technology Adoption Protocol
In its current state, the results from the present study would have little implications to
construction practitioners. That is, the information provided could provide some insight
to the factors that influence and predict technology adoption but does not provide a
practical assessment process for future technology adoption decision-making. To this
end, the researcher developed a simplified technology adoption protocol in order to
provide construction practitioners with a useful and practical decision support tool for
technology integration.
To develop the protocol, the researcher operationalized each key predictor within its
category. The predictors were altered to be in the form of a statements (see Table 5.9).
The questions were designed in line with past studies that operationalized critical factors
that influence decision-making (Goodrum et al. 2011; Chen and Manley 2014). For
instance, predictors such as level of complexity, cost savings potential, and regulation
were operationalized to “The technology is easy to use,” “This technology has the
potential to reduce project cost,” and “Using this technology will help meet stipulated
regulatory requirements (insurance, government, etc.).” Participants in the technology
evaluation process are expected to indicate their level of agreement to the statement in
the protocol on a scale of 1 – 5, where 1 is strongly disagree and 5 is strongly agree.
Each category has a maximum allotted number of points which is a multiple of the
number of predictors and the maximum assessment score (5, in this case). For instance,
the maximum possible points associated with the Technology category is 45 points (9
predictors x 5). The total obtainable point is 95 [(5x9) + (5x8) + (5x10)]. The weight
for each category is applied by multiplying the aggregated number from each category
by the appropriate coefficient (0.346 for Technology category). The same process is
repeated for each category and then summed up to generate the total Adoption
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Prediction Score of the safety technology being evaluated. The maximum obtainable
Adoption Prediction Score is depicted below:
TAI = (0.346 * 45) + (0.327 * 40) + (0.327 * 10) = 31.92
To determine the acceptance potential of a construction safety technology, the
technology is subjected to an evaluation using the proposed protocol worksheet (Table
5.9). The result of the evaluation is then compared to the maximum obtainable adoption
index. It is expected that the closer to 100% [when dividing the specific Technology
Prediction Adoption score by the total obtainable technology adoption score (31.92)],
the higher the chances of the technology to be successfully integrated into the
construction industry.
Using the proposed protocol, it is expected that a robust technology adoption decision
will be achieved. This decision process should include top management and actual endusers. Including both groups ensures that a holistic information gathering process is
achieved. For instance, while the end-users might not understand the impact of a safety
technology to the company’s bottom line and how that safety technology fits into the
company’s strategic plan, they provide valuable insight on the technology itself – which
is the most vital category based on the statistical analysis results from the present study.
Conversely, making an adoption decision without top management input might limit
the rate of diffusion which, in turn, stagnates the chances of a safety technology
becoming an organizational standard.
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Table 5.9: Safety Technology Adoption Protocol Worksheet
Predictors
Technology
1 Complexity
2 Required feature
3 Required support
4 Available support
5 Training required
6 Durability
7 Technology effectiveness
8 Technology reliability
9 Technology versatility
Organizational
1 Cost savings
2 Peer influence
3 Top management
4 Compatibility
5 Organizational Culture
6 Competitive advantage
7 Technology observability
8 Technology triability
External
1 External regulation
2 Client demand

Statements

Rating
(1 – 5)

Group
Max
45

Coeff. Score

40

0.327

10

0.327

% of
Max

0.346

The technology is easy to use
The technology has the essential feature(s) to perform specified task
Installing and using the technology requires little or no support
If required, technical support is readily available
Little or no additional training is required
Available evidence indicates that this technology has a long shelf life
There are documented evidence showing the technology is effective
There is evidence showing that the technology consistently meets
performance requirements
The technology features improve other performance indicators (e.g. work
quality).
This technology has the potential to reduce project cost
Workers will have no hesitation using the technology
Management supports the use of this technology
This technology will fit in seamlessly into our current operations
The company employees are open to trying new technologies
This technology has a positive impact on the company’s' core competency
The performance of this technology can be observed before investmenting
The technology can be tried prior to purchase
The technology will help meet stipulated regulatory requirements
Using this technology will help meet a client’s need
Adoption Prediction Score:
% Relative to Maximum Score :

XX
XX
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5.8 Application of Construction Safety Technology Evaluation Protocol
To exemplify how the proposed evaluation protocol could be used during a technology
integration process, the researcher elected to use the adoption of Intellicone, a work
zone intrusion alert technology (WZIAT). Although the application process is largely
hypothetical, the researcher elected to use an Intellicone since essential evaluation
information (e.g., usefulness, effectiveness, cost, etc.) was generated in previous
chapters. The depth of information will ensure that practical and verified information
will be used while applying the evaluation protocol.
Ideally, the evaluation protocol should be utilized by multiple people with experience
in managing people and resources. In addition, the actual end users of the product
should be involved in the evaluation process. For this example, the researcher, relying
of available information, rated each statement in the evaluation protocol. The scores
assigned to predictors in this category were based on finding from previous chapters of
the dissertation. For instance, the score for “The technology is easy to use” was
extracted from Chapter 5 (page 102). The lowest score was observed in the external
category (6/10). Although utilizing Intellicone could improve worker safety, which is
an important need of a client, it is not a required safety technology in highway traffic
control at the time of this study.
As seen in Table 5.10, the Intellicone scored highest in the technological category (69%)
which suggests Intellicone has strong technological attributes, relatively easy to use,
durable, etc. The Adoption Prediction Score for the Intellicone safety technology was
21.03 points out of an obtainable 31.92. This number represents 65.9% of the obtainable
score (21.03/31.92). The next step is to determine if 65.9% represents a score that
suggests future acceptance of the technology by end users.
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A previous study conducted by Goodrum et al (2011) suggests that a technology would
likely be adopted if a technology accumulates 65% (or more) of the obtainable
assessment points. In the present case study, the technology (Intellicone in this case)
accumulated 65.9%, which is slightly above the threshold set by Goodrum et al. (2011).
Although not clear-cut, the Intellicone assessment score (in %) suggests that the
Intellicone is a promising technology and should be assessed further.
It is important to reemphasize the hypothetical nature of the application process which
could impact the final score of the evaluation process-especially the organizational level
score. For instance, the researcher assigned 3, 4, 2, and 3.5 to “workers will have no
hesitation using the technology”, “management supports the use of this technology,”
“this technology will fit in seamlessly into our current operations,” and “the company
employees are open to trying new technologies” respectively. Ideally, these scores are
unique to the organization evaluating the safety technology.
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Table 5.10: Application of Safety Technology Adoption Protocol Worksheet
Predictors
Technology
1 Complexity
2 Required feature
3 Required support
4 Available support
5 Training required
6 Durability
7 Technology effectiveness
8 Technology reliability
9 Technology versatility
Organizational
1 Cost savings
2 Peer influence
3 Top management
4 Compatibility
5 Organizational Culture
6 Competitive advantage
7 Technology observability
8 Technology triability
External
1 External regulation
2 Client demand

Statements

Rating
(1 – 5)

The technology is easy to use
The technology has the essential feature(s) to perform specified task
Installing and using the technology requires little or no support
If required, technical support is readily available
Little or no additional training is required
Available evidence indicates that this technology has a long shelf life
There are documented evidence showing the technology is effective
There is evidence showing that the technology consistently meets
performance requirements
The technology features improve other performance indicators (e.g. work
quality).

3.5
4
4
3
3
3.5
3.5
3.5

This technology has the potential to reduce project cost
Workers will have no hesitation using the technology
Management supports the use of this technology
This technology will fit in seamlessly into our current operations
The company employees are open to trying new technologies
This technology has a positive impact on the company’s' core competency
The performance of this technology can be observed before investing
The technology can be tried prior to purchase

3
3
4
2
3.5
4
3
3

The technology will help meet stipulated regulatory requirements
Using this technology will help meet a client’s need
Adoption Prediction Score:
% Relative to Maximum Score :

Group
Max
31 (45)

Coeff. Score

25.5 (40)

0.327

6 (10)

0.327

% of
Max

0.346

3

3
3

21.03
65.9%

157

5.9

Validation of Constructs in the Technology Adoption Protocol

Validation is considered an essential part of studies that propose models or frameworks.
Validation verifies the applicability and accuracy of the models/frameworks, and can
be achieved through respondents’ triangulation (Walsh 1998). Given that the thesis of
the present study is to develop a process that helps predict the future adoption of a safety
technology, it is essential to verify that the components that make up the proposed
model and protocol meet acceptable requirements. The present study adopts the
validation process described in the next section.
5.9.1

Validation

The chosen validation approach involved the adaptation of widely used technology
acceptance prediction models. Consumer marketing research has benefited greatly from
applying predictive (forecasting) and assessment models that draw from understanding
key factors that influence intention to accept a product. The present study draws from
the predictive strength of three well-founded technology acceptance and behavioral
theories as a means to validate the predictive strength of the evaluation protocol. The
three models combined are Technology Acceptance Model (TAM), technology task fit
model, and Theory of Planned Behavior (TPB) (Mathieson 1991; Venkatech and Davis
1996; Mathieson et al. 2001; Chuttur 2009). Previous information systems studies have
investigated the predictive strength of these theories. For instance, Bazelais et al. (2018)
studied the predictive power of TAM. This assessment was achieved using a case study
that investigated a student’s intention to use online learning technologies. Also,
Durodolu (2016) used TAM constructs as a predictor for understanding information
literacy skills.
Figure 5.7 depicts the model developed to validate the present study. This model was
used as a base to develop questions for predicting an individual’s intention to adopt a
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safety technology – a wearable safety device, in this case. A wearable safety device
(WSD) was selected for the validation process given its growing popularity in the
construction industry (Awolusi et al. 2018). The third section of the survey tool used
for the present study focused on collecting information pertinent to the validation
process.
The validation information in the survey was designed with eight primary constructs in
mind. These constructs - perceived usefulness, perceived ease of use, macro need,
financial risk, subjective norm, individual competency, behavioral intention, and usage
behavior - were selected to elicit responses that have the capacity to predict an
individual’s intention to adopt a safety technology. Hypotheses, in line with Figure 5.7,
were developed to assess the predictive relationship between the technology adoption
predictors and an end-user’s intention to use a technology (see Table 5.10). Although
these relationships were primarily developed relying on previous studies (Davis et al.
1989; Grewal et al. 1994; Hsu and Lin 2015; Li et al. 2016; Shin 2007; Yang et al.
2016), the author also explored the impact of some relationships. For instance, the
researcher explored the impact of financial risk, individual competence, and macro need
(external need) on an end-users usage behavior (or actual use). The hypotheses
developed to assess the relationships are also supported by previous studies (Hsu and
Lin 2015; Yang et al. 2016).
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Figure 5.7: Evaluation Protocol Validation Model
In total, 238 participants provided sufficient response to questions related to the
validation model. The constructs in the validation model above can be defined as:


Perceived Ease of Use (PEU): belief that using a technology will require little effort



Subjective Norm (SN): an individual’s perception regarding a given action
(adopting a technology, in this case) which is significantly influenced by the
judgement of significant others



Perceived Usefulness (PU): belief that using a technology will improve job
performance



Behavioral Intention (BI): an indication of a person’s intention to perform a given
task (adopting a technology, in this case)
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Usage Behavior (UB): also referred to as actual use or use intention, usage behavior
captures insight on whether respondents have actually used the technology in
question



Macro Need (MN): the impact of external factors (e.g., government, client, etc.) on
a person’s intention to use a technology



Financial Risk (FR): the concerns an individual has regarding committing finances
towards the use of a technology



Individual Competency (IC): an individual’s efficacy towards technology use

Table 5.11: Model Hypotheses
Hypothesis ID
External (H1)
a
Organization (H2)
a
b
c
d
Technology (H3)
a
b
c
Behavioral
Intention (H4)
a

Hypothesis Statement

Macro need will have a positive effect on usage
behavior
Subjective norm will have a positive effect on
usage behavior
Subjective norm will have a positive effect on
behavioral intention
Individual competency will have a positive
effect on usage behavior
Financial risk will have a negative effect on
usage behavior
Perceived usefulness will have a positive effect
on behavioral intention
Perceived usefulness will have a positive effect
on usage behavior
Perceived ease of use will have a positive effect
on behavioral intention

Behavioral intention will have a positive effect
on usage behavior
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A number of variables are included in each construct to help measure an individual’s
intention to accept the technology, in this case, a wearable safety device. Some variables
within each construct in the validation model are extracted from the evaluation protocol.
For instance, external related predictors were captured within “Macro Need.” The
predictors was operationalized from “client demand” to “WSD will be used more if
project owners encourage its use.” Similarly, “level of complexity” was operationalized
within perceived ease of using as follows: “installing WSD will be easy”, “it will be
easy to learn how to use WSD”, and “field workers will find WSD easy to use.” The
operationalization method is consistent with previous studies on technology acceptance
(Lee et al 2015).
It is important to note that all 19 statements in the proposed CSTA protocol were not
utilized to develop the validation model given sample size restrictions and the need to
include previously validated variables within constructs. That is, the more questions
introduced (in form of operationalized variables), the more survey participants are
required. It is also important to note that for reasonable statistical analysis to be
conducted using path analysis [e.g., structural equation modeling (SEM)], a variable to
sample ratio above 1:5 is recommended (Hair et al. 1998; Lingard and Rowlinson 2006).
Also, to ensure internal validity, it is recommended that the researcher include a
modified version of items from previous studies. However, the researcher ensured that
the primary safety technology adoption predictors were accounted for in the validation
model.
The sample size of the present study is approximately 11 times the number of variables
tested which is considered acceptable for conducting path analysis (Hair et al. 1998).
The researcher elected to use or partial least squares (PLS) for the path analysis given
its robustness to sample size and complex models (Henseler et al. 2016). First, the
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researcher tested the model to determine overall goodness-of-fit (GoF), internal
reliability and convergent validity, and reliability of the validation model.
5.9.2

Validation Results

5.9.2.1

Model Assessment

Results from conducting validity tests indicates that the proposed model met most of
the requirements for performing a path analysis using PLS. Table 5.11 summarizes the
results from the GoF tests conducted. According to Hu and Bentler (1999) and Byrne
(2008), a model is considered a good fit if the standardized root mean square residual
(SRMR) is less than 0.08 and Normed Fit Index (NFI) is equal to or above 0.9 (between
0 and 1). Although the model’s NFI value is slightly below the required threshold
(0.873), past studies indicates that a value close to 0.9 is also acceptable (Dijkstra and
Henseler 2015). Results from the reliability and internal validity test indicate that the
constructs being measured are appropriate for the study.
Table 5.12: Fit Indices for Validation Model
PLS-SEM Goodness of
Fit
SRMR
NFI

Recommended Value

Measurement Model

<0.08

0.063

>0.9

0.873

5.9.2.2 Validation Model

Results from the validation model suggests that the predictors assessed have some
impact on an individual technology adoption behavior. Figure 5.8 shows the
standardized path coefficient, the level of significance, and the R2 value. The path
coefficient shows the strength of the relationship between the predictor variable and the
explained variable. The level of significance determine if the observed correlations
(path correlation) is significant or not. The significance level is denoted in Figure 5.8
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by an asterisk. The amount of variance explained by the predictor variables is
represented by R2 (number above the measured variables).
As shown in Figure 5.8, most hypotheses are supported since an increase in a predictor
variable is associated with either an increased behavioral intention or usage behavior.
H2d (Financial risk will have a negative effect on usage behavior) was not supported
since a positive relationship was reported rather than the hypothesized negative
correlation. In addition, the predictor variables explained 42.3% of the variance in the
model (usage behavior). This result suggests that the assessed technology adoption
predictors have an influence on an individual’s intention to adopt a safety technology –
WSD in this case. However, not all associations were significant (either at 0.05 or 0.01
levels). For instance, although “Financial Risk” is associated with an individual’s usage
behavior, this relationship is not significant (0.09). Nevertheless, based on the
validation result, the researcher posits that the technology adoption predictors identified
through multiple research methods can foretell the acceptance of a construction safety
technology.
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Figure 5.8: Results of hypothesis testing (*< 0.05, **< 0.01 significance)

5.10

Implication of this Model to Practice

As part of developing the technology adoption index, the present research first identified
the critical predictors of technology adoption focusing on an external, organizational,
and technological factors, and validated the predictive strength of the primary factors
using an adapted version of technology acceptance model (TAM). Therefore the model
can be used in the adoption phase of technology integration to evaluate the usefulness
of a technology and the acceptance readiness of an organization (and the individuals
working in that organization) to adopt a specific safety technology.
Following the assessment, an organization can make a decision to continue investing in
the evaluated technology or suspend the integration process and focus on creating an
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enabling environment that will spur future acceptance. The enabling environment could
be in the form of developing a strategic plan focused on prioritizing the critical
predictors that influence technology acceptance, and determining the level of
improvement needed for specific critical predictors. This strategic plan could lead to an
improvement plan that could be utilized when integrating technologies with similar
characteristics. If used extensively by a single organization or in collaboration with
other organizations with similar characteristics (size, target market, etc.), the predictive
strength of the index would be established, and thus, can also act as a benchmarking
tool for the acceptance phase of technology integration (comparing the rate of diffusion
of a current technology against similar technologies integrated in the past). However,
in certain cases, management could choose to truncate the adoption process if the
indicators from the initial evaluation are not encouraging.

5.11

Conclusions and Future Research

The primary aim of the present study is to develop and validate a safety technology
adoption decision support tool. To achieve this aim, factors that can predict the potential
adoption of a safety technology (predictors) were identified through a structured
literature review. In all, 26 predictors, across four categories were identified. A survey
of 257 construction practitioners indicated that 19 out of the 26 predictors are critical,
and technology durability, proven technology effectiveness, technology reliability,
having the required features, and level of training required are the most important
predictors. Results from conducting a factor analysis suggest that the 19 predictors can
be further decomposed into three categories – external category, organization category,
and technology category. Next, the technology adoption index (TAI) was developed
using a fuzzy synthetic evaluation (FSE) method. Based on the weighting develop using
the FSE, technology-based predictors have the most influence in decision-making with
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an index coefficient of 0.346. Subsequently, a technology adoption evaluation protocol
was developed and validated.
Utilizing a combination of technology adoption theories, the researcher developed a
validation model for testing the efficacy of the C-STAI evaluation protocol. Findings
from the validation process indicate that the predictors assessed have a positive
correlation with an individual’s intention to accept a technology. The present study will
benefit construction professionals and practitioners by providing a repeatable and
practical process for making informed technology adoption decisions that can improve
the acceptance of technology by construction workers.
Although the current study utilized a rigorous process to develop a practical and novel
approach to evaluating the potential acceptance of safety technologies by end-users, the
decision support tools developed have limitations. For instance, the validation model
focuses on path coefficient which is an indicator of an associative relationship between
a predictor variable and an outcome variable and is not necessarily a predictive
relationship. However, past research suggests that the association reported using path
analysis could also be considered a predictive relationship (Bazelais et al. 2018). Future
research should consider adopting a precursor analysis approach supported by a general
linear model (GLM) to validate the predictive power of the evaluation protocol. In the
present study, the evaluation protocol was designed based on the 19 critical predicators.
In reality, additional predictors could be added depending on the type of technology.
However, the primary objective of the current study to develop an adaptable decision
support tool was achieved since the proposed technology adoption index and evaluation
protocol could be treated as base knowledge on which practitioners can add new
information as the need arises.
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6 Development of a Framework for Implementing Safety
Technology in the Construction Industry
The content of Chapter 6 is a revised version of work published in American Society of
Civil Engineers (ASCE) Journal of Construction Engineering and Management
(2018).1
Nnaji, C., Lee, H., Karakhan, A., and Gambatese, J. (2017). “Development of
Decision-Making Framework to Select Safety Technologies for Highway
Construction.” Journal of Construction Engineering and Management, ASCE, 144(4),
04018016.
1

6.1

Summary

Highway construction has consistently reported relatively high fatality rates largely due
to the considerable exposure of workers to live traffic. To address this anomaly, traffic
control planners are tasked with making decisions geared towards reducing hazardous
situations caused by transiting vehicles and construction equipment. The growing
application of technologies to enhance worker safety should be considered during the
traffic control planning process. In certain cases, decisions such as choosing between
technology options are made using experiential individual knowledge without the
application of scientific and systematic decision-making methods. Utilization of
experience-based decision-making in this context is largely due to the sparse literature
on scientific methods of selecting between alternatives in highway construction work
zones. By applying the Choosing by Advantages (CBA) decision-making method, a
process that achieves sound and effective decisions, the current study aims to fill the
gap in practice by proposing a decision-making framework that could enhance the
value-cost selection process of safety technologies in highway construction work zones.
A setting that applied work zone intrusion alert technologies (WZIATs) was selected as
a case study. Using a focus group session and case projects as an evaluation study
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process, the proposed framework based on the CBA decision-making process was
applied to evaluate three WZIATs. Findings from the current study will benefit safety
professionals and practitioners by providing a step-by-step approach to make sound
decisions that can enhance the level of safety in highway construction work zones.

6.2

Introduction

Workplace safety is a major concern to the US construction industry. According to the
Bureau of Labor Statistics (BLS), the fatality rate for the construction industry is higher
than the national average for all industries (BLS 2016). In 2015, 937 fatalities occurred
in the construction industry, which is significantly higher than the number of fatal
injuries in other US industries (BLS 2016). A high percentage of this number is
attributed to highway construction work zone accidents. The Federal Highway
Administration (2014) reported that a work zone fatality occurs every 8.7 hours while
an injury associated with highway construction work zones occurs every 9 minutes.
According to the Center for Disease Control and Prevention, 1,571 construction workers
were killed in highway construction work zones between 2003 and 2015 (CDC 2016).
Approximately 45% of the fatalities recorded between 2011 and 2015 were caused by
a vehicle-worker collision occurring in work zones (CDC 2016). The appalling fatality
rate is, in part, due to workers executing their tasks in close proximity to live traffic.
This work setting can sometimes expose workers to the risk of working a few feet away
from vehicles passing by at 65 miles-per-hour (mph) (Zhang et al. 2014). Several
research studies conducted by various Departments of Transportation (DOTs) in the US
have reported that in order to improve workplace safety conditions and reduce the
frequency of fatalities resulting from vehicle intrusions in highway construction work
zones, there is a need to increase safety awareness and improve traffic control planning
(Gambatese et al. 2013; Ullman 2013) including the application of safety technology.
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Past studies indicated that the implementation of safety technologies in highway
construction work zones is associated with a positive potential impact on worker safety
(Huang and Bai 2014; Theiss and Bligh 2012). For instance, portable changeable
message signs (PCMS), speed enforcement systems (SES), radar speed signs (RSS),
and rumble strips (RS) are reported to be statistically effective in reducing vehicle speed
in work zones (Jafarnejad et al. 2017). According to Finch et al. (1994), a 1 mph increase
in the mean speed of vehicles is associated with 3 to 5 percent increase in the number
of injuries caused by accidents.
Given that decisions made upstream play a critical role on outcomes (Gambatese and
AlOmari 2016), decision-making processes are considered vital since they are
predictors (drivers) of effective outcome (Dean and Sharfman 1996). According to
Milch et al. (2009), groups that lack a predefined decision-making mechanism default
to using subjective methods such as experiential knowledge and personal judgment that
may not be necessarily supported by empirical data. Although useful in certain domains,
making decisions solely based on experiential knowledge and subjective judgment
without field experiments and empirical data can hinder effective adoption and
implementation of innovative processes due to its implicitness (Rooke and Clark 2005;
Lam et al. 2007). In order to improve confidence when making a decision, practitioners
are increasingly demanding and relying on multi-criteria decision-making techniques
(Chen et al. 2008). In that regard, it is imperative to improve decision-making processes
and procedures, and employ rigorous methods, so that sound decisions can be derived
and then used toward taking effective actions with respect to workplace safety in
construction work zones. This process can yield positive outcomes with respect to safety
and non-safety goals. Therefore, the overreaching purpose of the present study is to
propose and apply a decision-making framework to select safety technologies for
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highway construction work zones. To facilitate the practicality of the framework, a
sound decision-making method, referred to as Choosing by Advantages (CBA), was
incorporated into the framework and applied in the selection of highway safety
technologies. The CBA method relies on scientific procedure and a systematic
evaluation process that is performed in conjunction with experiential knowledge and
subjective judgment to reveal sound and effective decisions. CBA has been used
extensively in the construction industry to make sound decisions (Arroyo et al 2015;
Kpamma et al 2015; Karakhan et al 2016).

6.3

Roles of Technologies in Work Zone Safety

Given the unique nature of the human, workplace, and vehicular relationship in highway
construction, mishaps of diverse forms cause different potential accidents (e.g., rearend crashes, work zone intrusion-related incidents) around and within construction
work zones. An accident distribution trends study involving an analysis of three years
of crash data disclosed that “activity area” is the predominant location for a large
percentage of work zone crashes (Garber and Zhao 2002). The activity area is the same
area where most construction workers are located when performing construction tasks.
The high frequency of construction and maintenance worker casualties resulting from
crashes has led to the provision of requiring extra protective devices in and around the
work zone.
Given their potential safety and non-safety (e.g., work quality and productivity)
benefits, the use of work zone safety technologies by different highway construction
stakeholders is increasing. Work zone safety technologies have the potential to reduce
the speed of approaching vehicles, provide adequate warning for workers, deliver a
stimulus to ensure drowsy drivers are attentive, and provide other cautionary alerts to
drivers and workers (Marks and Teizer 2012; Novosel 2014; Wang et al. 2011).
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State DOTs, alongside other public and private institutions have conducted multiple
studies on the effectiveness of work zone-related safety technologies. Safety
technologies have been evaluated in past studies and proved to have a positive impact
on work zone safety, including an automated flagger assistance device (AFAD),
directional alarm system (DAS), warning light, smart work zone system (SWZS), work
zone intrusion alert technology (WZIAT), Citizen Band (CB) wizard alert system, and
portable traffic sign (PTS) (Brown et al. 2015; Wang et al. 2011). These technologies
are primarily used to prevent an accident caused by vehicles transiting through the work
zone. To reduce accidents induced by construction equipment-worker interactions,
processes to enhance the capability and effectiveness of technologies such as proximity
detection systems have also been suggested and validated in past studies (Awolusi et al.
2015; Park et al. 2015; Shen et al. 2016). For instance, Teizer and Cheng (2015)
developed and validated a proximity hazard indicator (PHI) that evaluates near-misses
associated with workers-on-foot in the work zone. Following positive findings from
these studies, state DOTs have started to implement a number of these safety
technologies statewide.
Notwithstanding the improved safety protections used around work zones in highway
construction, approximately 10% of fatal workplace injuries resulted from the intrusion
of a vehicle into the work zone (Bryden et al. 2000). In addition, approximately 59% of
the intrusion crashes occurred in work zones involving lane closures, 44% of which
resulted from deliberate driver decisions and actions to enter the work zone (Ullman et
al. 2010). In response to the growing number of work zone intrusions, state DOTs have
encouraged the use of alert and protection systems, especially WZIATs on highway
construction projects (Wang et al. 2011). Previous studies indicated that protection
systems, such as portable concrete barriers and ballast filled barriers, are effective
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methods for reducing worker exposure to live-traffic hazards (Tymvios and Gambatese
2014). Similarly, WZIATs are found to be effective in terms of improving workplace
safety conditions in highway construction by signaling warnings to alert workers. This
type of alert provides additional reaction time for construction workers to avoid
potential safety risk resulting from a vehicle intrusion into the work zone (Fyhrie 2016),
providing workers with an additional layer of safety protection in work zones.

6.4

Point of Departure

Considering the influx of safety technologies and the complex nature of highway
construction projects, traffic control planners and project managers are saddled with the
challenging responsibility of selecting the most effective technology, or technology
combinations, to be implemented in work zones to protect highway construction
workers. This challenge is largely due to a combination of external and project-specific
factors, such as project type (mobile or stationary), time (day or night), weather
conditions, task sequence and demand, schedule requirements, budget constraints, and
so forth. In most cases, heavy civil contractors are contractually required to implement
certain types of safety technologies. Nevertheless, there is no formal decision-making
framework that highway construction stakeholders can use to evaluate potential safety
technologies and reliably determine the most effective technology to implement.
The absence of a formal decision-making framework can, in many case, lead to the
reliance on experiential knowledge and subjective judgment when evaluating and
selecting safety technologies in highway construction without necessarily relying on
empirical and historical data extracted from actual projects and field experiments.
Haymaker et al. (2013) observed that decision process models currently in use in the
construction industry rely “almost entirely” on subjective judgments using personal
experience. Relying predominantly on personal experience when selecting among
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alternatives does not necessarily lead to the selection of the best alternatives (Martinez
et al. 2016). As much as traffic control planners and project managers prefer making
and implementing homogeneous recommendations respectively using tools such as
benefit-cost-analysis, it should be noted that given the intricate and complex nature of
highway projects, the usefulness and impact of technology can substantially vary
relative to project constraints. Hence, the development of a decision-making framework
that is grounded in academic rigor is needed.
Based on the aforementioned discussion, it is assumed that employing a sound decisionmaking methodology (that is not solely reliant on the stakeholders’ experience and is
actually based on scientific principles) leads to a positive impact on construction worker
safety when selecting work zone safety technologies for highway construction. The
present study aims at filling this gap in knowledge by developing a decision-making
framework that relies on the use of empirical data collected from field experiments and
a sound decision-making method.
As mentioned previously, the objective of the present study is to propose a CBA-based
decision-making framework to select appropriate safety technologies for highway
construction work zones. First, the proposed framework is described in detail in the next
section. Also, the CBA process is introduced and described. Next, a detailed case study
comprising a WZIAT evaluation project sponsored by the Oregon DOT is used to
demonstrate the application of the framework to the selection of intrusion alert systems
for highway construction. The outcome of this research study is expected to provide
guidelines and directions to highway construction industry professionals and
practitioners about how to implement the decision-making framework to select between
alternatives or a preferred combination of safety technology.
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6.5

Proposed Safety Technology Decision-Making Framework

A decision-making framework is considered a vital managerial tool used to objectively
capture diverse views prior to arriving at a congruent decision. Such frameworks assist
managers and planners in making high-quality decisions that could have broad positive
implications to the daily functionality of an organization (Chen et al. 2008). According
to Chen et al. (2008) and Li et al. (2000), the construction industry generally lacks
effective procedures for supporting decisions. In order to ensure that safety technology
is effectively implemented on highway construction projects, it is imperative to identify
a framework to consider the peculiarity of the construction process. Figure 6.1 depicts
the proposed framework which is developed by the researcher and is described in detail
in the following sections.

Figure 6.1: Proposed Safety Technology Decision-making Framework

6.5.1

Step #1: Identify Objective

Prior to commencing any procurement decision, it is important in this early step to
identify the desired objective the decision and technology should achieve. This is
relevant because a clearly defined objective can play an essential role in the successful
adoption and implementation of a technology. According to Awolusi and Marks (2017),
it is important to identify the objective that necessitates the implementation of a
technology. This identification is essential to ensure clarity and buy-in from the
stakeholder’s organization and to provide the backbone for identifying key factors that
inform the selection of the right technology. For instance, the primary objective of the
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use of a safety technology is to reduce, or eliminate, wherever possible, the frequency
and severity of accident occurrence in the work zone thereby improving motorist and
worker safety. In this case, the objective could be achieved through introducing speed
reduction technologies, intrusion prevention technologies, and proximity detection
technologies.
6.5.2

Step #2: Identify Technology Category

Guided by the key factors required to meet the objective stated in the previous step,
safety technologies with the capacity to meet the intended objective should be
identified. In terms of work zones, safety technologies within a category (e.g., intrusion
prevention technologies) that offer specific technology features that support the
overarching objective should be selected. Subsequently, alternatives within that
technology category (e.g., WZIATs vs. concrete barriers) or among technology type
(e.g., different types of WZIATs) with features that meet the key factors should be
highlighted in this step as well. Identifying the different safety technologies that could
meet the desired objective is indispensable since the features of each technology could
vary significantly.
6.5.3

Step #3: Assess Technology for Performance Data

Quantifiable data plays an essential role in the decision to adopt and implement a
technology (Ikemoto and Marsh 2007). This information can be extracted collectively
from the manufacturer’s performance document (technology manuals), past technology
performance evaluation studies, and independent field experiments conducted by
decision-makers. Typically, decision-makers conduct a pilot study to determine the
technology’s performance prior to live testing on selected projects. Fundamental
parameters pertinent to the successful implementation of the target safety technology
are identified and assessed during this step using information from the sources

176

mentioned earlier. This information can support decision-makers with empirical and
objective data that they can use to evaluate technology alternatives and select the most
optimal technology using multi-criteria decision-making methods.
6.5.4

Step #4: Evaluate Technology Alternatives

Safety technology alternatives can be evaluated by using any form of multi-criteria
decision-making methods, as long as the method used consists of a systematic process
and does not solely rely on subjective data. For the purpose of the proposed decisionmaking framework, the researcher recommends the use of the CBA method to evaluate
safety technology alternatives. CBA is a multi-criteria decision-making system initially
developed by Jim Suhr for the US Department of Agriculture’s Forest Service and used
to make a consistent evaluation of the value-added advantages of each alternative (Suhr
1999; 2000). Previous studies found that the CBA decision-making process reduces
subjectivity by basing decision-making on relevant facts and objective data using
mutually agreed upon criteria (Abraham et al. 2013; Arroyo et al. 2015; Lee et al. 2010).
The CBA process defers personal judgments until the very last step of the decisionmaking process, so that personal judgments are anchored to relevant facts and objective
data (Suhr 1999). Anchoring personal judgments to relevant and objective data
minimizes the chance of having potential bias and arbitrary decisions. It is important to
note that the CBA process relies on the identification of the advantages of alternatives,
rather than advantages and disadvantages, to avoid double-counting, omissions (Suhr
1999; 2000), and any complication due to negative values (Grant and Jones 2008).
The CBA approach is selected for the present study, as opposed to the selection of other
multi-criteria decision-making methods, such as analytical hierarchy process (AHP),
best value (BV), and weighting-rating-calculating (WRC), because previous studies
(Arroyo et al. 2012; 2015; Schottle and Arroyo 2017; Kpamma et al. 2016) empirically
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proved that CBA is more effective in achieving sound decisions. In this step, the CBA
evaluation should be performed to prioritize the level of value-added advantages that
each technology alternative can generate prior to the final selection and implementation
of the technology.
6.5.5

Step #5: Technology Selection and Implementation

It is expected that, based on the outcomes of the evaluation process detailed in Step #4,
a safety technology that effectively and efficiently meets the primary objective of the
organization will be selected and implemented. This result takes into consideration vital
information, such as benefit-cost analysis (value-cost analysis), that is essential to the
successful implementation of a safety technology. Budgetary constraints and other
organization- or project-specific factors can be considered to determine the optimal
technology that should be implemented on a project.

6.6

A Case Study to Select Safety Technologies for use in Highway

Construction Work Zones
In order to demonstrate the use of the proposed decision-making framework, a case
study describing the selection of WZIAT for use in highway construction work zones
is introduced. The decision-making process follows the five steps illustrated in Figure
1 and described in the previous sections.
Step #1: Identify Objective
State DOTs across the US have shown interest in the use of safety technologies to
protect construction workers on highway projects from potential motorist intrusions into
the work zone. In particular, the Oregon DOT sponsored a study that investigates the
use of safety technology in highway construction to reduce workplace accidents, whose
results are reported in this case study. The specific objective is to implement safety
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technologies that can provide different warning systems to workers when an intrusion
into the work zone occurs.
Step #2: Identify Technology Category
The technology category that can be used to achieve the stated objective identified in
Step #1 (based on the Oregon DOT’s interest) is the use of WZIATs. WZIATs are
specifically designed to warn workers of an impending collision caused by a work zone
intrusion. WZIATs were initially introduced to work zones as an outcome of a Strategic
Highway Research Program (SHRP) study conducted in 1995 (Agent and Hibbs 1996).
Although positive protection systems, such as concrete barriers, mobile barrier trailers,
and truck mounted attenuators, could be utilized to reduce work zone intrusions, their
initial implementation costs are relatively high (Berger and Eixenberger 2010)
compared with WZIATs and, therefore, WZIATs are potentially preferable. Within this
category, there are different alternative WZIATs. Table 6.1 summarizes the three
commercially available technology alternatives. The three technology alternatives
[SonoBalster, Traffic Guard Worker Alert System (WAS), and Intellicone] are
described, assessed for performance data, and evaluated for potential onsite
implementation as shown below.
Table 6.1: Currently Available WZIATs
System
SonoBlaster
Traffic Guard Worker Alert System (WAS)
Intellicone

Evaluation Studies
Gambatese et al. (2017); Novosel (2014)
Gambatese et al. (2017)
Gambatese et al. (2017); Novosel (2014)

The SonoBlaster device is an intrusion alarm that uses a pressurized carbon dioxide
(CO2) cartridge as an energy source for the alarming mechanism. The devices are placed
on traffic cones or barricades at a pre-established interval along the work zone to create
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a safety barrier for field workers. The device is portable, requires no electrical power to
function, and operates independently. The alarm is activated when the traffic cone
supporting the SonoBlaster is tilted. A SonoBlaster unit can be attached to different
types of traffic cones: A-frames, security fences, barrels and drums, barricades, and
delineators (Transpo 2017).
The Intellicone is an audio-visual alarm designed to provide warning lights and multiple
audible tones over a long distance in order to alert workers of potential safety hazards.
Intellicone consists of a portable site alarm (PSA), strobe lamps, and motion sensors.
The PSA, ideally placed in a protected area within close proximity to workers to
enhance the effectiveness of the alert signal, produces a visual and audible warning alert
when a vehicle breaches the Intellicone network. Motion sensors (sentries) are typically
mounted on traffic cones around the work zone to create a wireless network that
identifies any unplanned motorist’s entry into the work zone. The lamps, which are also
sensor-based, are mounted on traffic cones as well and are automatically connected to
the wireless network. When the motion sensors or strobe lamps are impacted by an
errant vehicle, the tilt alarm mechanism in the motion sensors and strobe lamps reacts,
triggering the PSA, thus producing the sound alarm and warning light. The motion
sensor and strobe lamps of the Intellicone can be placed on every cone preceding the
activity area or on every other cone depending on several variables such as accident
proneness of the location, available resources, contractor preference, etc. (Intellicone
2017).
The Traffic Guard Worker Alert System (WAS) is a pneumatic based alarm system
consisting of a lightweight visual-audio alarm unit, portable trip hose, and an audiovibratory personal safety device (PSD). When a vehicle intrusion into the work zone
occurs (i.e., the vehicle travels over the pneumatic tube), the visual-audio alarm unit
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produces an audible alarm and flashing lights, and sends a signal to the PSD to emit a
vibratory alarm, to alert workers of potential hazards. The PSD unit can be attached to
the worker’s belt or any other comfortable location on their body. The audible, visual,
and vibratory warnings provide workers the opportunity to move away as quickly and
safely as possible from potential hazards represented by the intrusion of a vehicle into
the work zone. The pneumatic tube can be placed at different locations around the work
zone, creating a connected network that can be extended to a further distance. However,
there are potential constraints associated with the extension of the network, depending
on the project location and site layout (Astro Optics 2017).
Step #3: Assess Technology for Performance Data
To assess performance data of the three identified technologies, the researcher
conducted an evaluation study in order to obtain qualitative and quantitative data with
respect to each technology performance. The evaluation study included the following
aspects―a review of extant literature, distribution of a survey questionnaire targeted at
highway construction and maintenance stakeholders, a pilot test, focus group discussion
using a live demonstration, and field experiments on three active projects. After the
review of literature, analysis of the survey questionnaires, and the pilot testing, a live
demonstration followed by a focus groups discussion was performed. Highway
contractors and Oregon DOT traffic control/safety staff were invited to take part in the
live demonstration and the focus group discussion. Due to study-specific limitations
such as location, availability of knowledgeable personnel with regard to safety
technologies in highway construction, and availability of funding, the sample size for
this study was conveniently selected. In total, 10 participants with extensive work zone
safety and traffic control experience agreed to participate in the study; half of the
participants were representatives of heavy civil general contractors whereas the other
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half were Oregon DOT personnel. The participants have different roles within their
organization, including traffic control engineers, project managers, and other safetyrelated roles.
To simulate a work zone intrusion accident during the demonstration event, the
researcher set up a work zone on a two-lane road in a secluded environment. A wheel
loader, dump truck, and safety cones were used to mimic the setup of a real-life work
zone operation (see Figure 6.2). The research team provided each participant with a
short document that contains information on the features and operational capabilities of
each technology. Following the dissemination, each technology was presented to the
participants, starting from installation, then deployment and retrieval. Multiple tests
were carried out for each technology. The participants were asked to take any position
within the work zone, away from the passing lane, and were encouraged to think from
a worker’s perspective. For example, after presenting the installation process, the
SonoBlaster was manually triggered by tilting the safety cone as shown in Figure 6.3.
The alarm was successfully triggered and lasted for approximately 13 seconds. The
research team also demonstrated to the participants how the CO2 cartridge can be
changed and armed. The first demonstration was designed to mimic the collision
between a vehicle and a SonoBlaster-mounted cone, and to simulate how a motorist
intrusion into the work zone may possibly impact the safety of construction workers.
The SonoBlaster was triggered about 50 feet away from the construction equipment. In
order to improve the quality of the evaluation and maintain a high level of consistency,
a specific, repeatable setup was implemented for the other two technologies.
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Figure 6.2: Work Zone Setup with Two Pieces of Equipment

Figure 6.3: Manual and Collision-induced Triggering of SonoBlaster
After the demonstration of each technology, a group discussion was facilitated by the
research team. The participants provided input and feedback (including benefits and
drawbacks) of each technology, especially with regard to technology attributes such as
the ease of implementation in an actual construction work zone operation, effectiveness
of the triggering mechanism, alarm distinction, mobility, and other critical factors
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impacting the overall valuation of technology implementation. The demonstration
process was videotaped to allow for further analysis of the participants’ comments if
needed. Finally, the participants were asked to fill out a questionnaire survey that was
prepared by the researcher. The objective of the questionnaire was to collect the
participants’ perception of the benefits of the features of each safety technology. Using
a five-point Likert scale (1 = very difficult/ineffective/unlikely; 5 = very
easy/effective/likely), the participants were asked to rate the effectiveness of the
features of each technology.
Table 6.2 highlights key information for each intrusion alert technology being assessed
as part of the current study. Results from the pilot study indicate that the Intellicone has
a greater transmission range whereas SonoBlaster produces the loudest sound pressure
level measured in decibel units (SPL-dB). In addition, data on end-user specific
preferences as it relates to operation of each WZIAT were collected while assessing the
technologies on three live case study projects. At each case study project, approximately
five participants were engaged in discussions pertaining to the usefulness of WZIAT as
a safety technology in work zones. Information generated from the survey
questionnaire, pilot study, onsite demonstration, focus group discussion, and field
experiments provided valuable information during the evaluation of technology
alternatives in the next step.
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Table 6.2: Work Zone Intrusion Alert Evaluated
SonoBlaster

Manufacturer

Transpo Industries

Website

www.transpo.com

Price estimate (single unit)

$90 each

Components

SonoBlaster Alarm

Strobe lights,
sentry, Portable
Site Alarm

Alert mechanism

Impact-tilt
activated alarm
system

Impact-tilt,
wireless sensor
activated alarm
system

Type of alarm

Audio

Audio and visual

Single alarm unit

Lamps, motion
detector, and
portable site
alarm

Audio, haptic, and
visual
Pneumatic hose,
flashing alarm light,
personal vibrating
and audio alert

95 dB-SPL

74 dB-SPL

80 dB-SPL

6
N/A

0
Extendable
Oscillates for 20
seconds

0
< 300 feet

80%

65%

Accessories
Loudness of the audible
alarm @ 50 feet
False alarms (25 attempts)
Transmission distance
Visual assessment

N/A

Workers response rate
when triggered 50 feet
away.

92%

Intellicone

Worker Alert
System

Technology

Highway
Resource
Solution
www.intellicone.
co.uk
$2,000 each

Astro Optics, LLC
www.astrooptics.co
m
$600 each
Pneumatic hose,
alarm light, personal
vibrating and audio
alert device
Pressured trigger
pneumatic tube
alarm system

Blinks for 6 seconds

Step #4: Evaluate Technology Alternatives Using Choosing by Advantages (CBA)
Decision-Making Method
A step-by-step CBA decision-making process was used to evaluate the each intrusion
alert technology. CBA has received significant attention in the construction industry as
a scientific decision-making technique that enables decision-makers to make sound and
informative decisions. Specific reasons why CBA was selected for this study were
highlighted previously in the chapter. Background information about the theory of the
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CBA technique is not provided in the present chapter, yet interested readers are
encouraged to review Suhr (1999) for more information.
The CBA vocabulary must be clearly described in order for users to understand its
application. Within the CBA process, a factor is defined as an element or a component
of the decision. A factor is a wide umbrella that encompasses the criterion, attributes,
advantages, and importance of advantages (IofAs). A criterion is defined as the
decision-rule/guideline used to guide the decision-maker in the process of evaluating
the attributes of possible alternatives. An attribute, on the other hand, is a characteristic
or a quality of the alternative. Differences between the attributes of two alternatives
represent the advantages of the more preferred attribute. An advantage, therefore, can
be defined as the benefit gained from the more preferred alternative over the less
preferred alternative corresponding to a particular factor (Suhr 2000). The CBA steps
as applied in this study are briefly discussed hereinafter.
Generating Possible Alternatives
Step #2 of the proposed framework requires the identification of a technology category
that meets the objective set in Step #1. As stated above, WZIATs were selected since
these types of technology have the capacity to alert workers of an impending collision.
The existing systems falling under this technology category are summarized in Table
6.1 and described in detail in the previous sections.
Identifying Factors and Criteria of Measuring Safety Technologies
Factors that impact the selection of a work zone safety technology were identified
through extensive literature review (Agent and Hibbs 1996; Hatzi 1997; Minnesota
Statewide WZSC 2015) as well as discussions with highway construction professionals
and practitioners. As a result, four compounding factors were selected as the primary
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evaluation factors, including cost of technology, ease of implementation, effectiveness
of the alarm, and effectiveness of the triggering mechanism. In particular, during the
demonstration process, several participants indicated considerable concerns regarding
mobility (movability) of the technology, number of alert mediums, and
transmission/coverage distance of each technology. To account for these additional
concerns, the research team incorporated these additional evaluation factors into the
CBA process. A description of each evaluation factor is provided below. Following the
selection of the key evaluation factors, criteria for assessing the attributes of each
technology were also identified.
Cost of technology. The cost of a product plays a vital role in the adoption decision.
The costs associated with equipment are generally divided into two main categories:
equipment cost (capital cost) and operation cost (labor and maintenance cost). In most
situations, a technology with a lower lifecycle cost is preferred when making a costdriven decision.
Ease of implementation. To implement a technology effectively in highway
construction work zones, the technology should be relatively easy for traffic control
crew members to use. Such technology should also be easy to deploy at the beginning
of a shift and retrieve at the end of the shift. Other sub-factors such as storage,
interference with the work operations, and time involvement can also impact the ease
of implementation and eventually potential end-user adoption tendencies. Technologies
that are easier to implement are preferred.
Effectiveness of alarm. For an intrusion alert technology to be effective, the warning
produced should reach workers regardless of environmental and operational factors. An
intrusion alarm is effective if it is sufficiently loud and distinct. In addition, the visual
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alarm or vibration produced (where available) by the intrusion alarm should be bright
enough or deliver adequate haptic feedback to draw the workers’ attention. Overall, the
alert technology should provide workers with adequate reaction time to position
themselves away from the impending hazards resulting from a vehicle that has entered
the work zone.
Effectiveness of the triggering mechanism. The primary function of any intrusion alert
technology is to provide a warning to workers when a breach of the work zone perimeter
occurs. A faulty triggering mechanism could be catastrophic because worker safety is
largely dependent on the effectiveness of the triggering mechanism. Additionally, a
false alarm can be considered a waste of time and resources, and may significantly
impact the outcome of the project negatively. Past studies indicate that one of the major
reasons for not using intrusion alert technologies in highway construction work zones
is due to persistent false alarms (Wang et al. 2011). A technology with a reliable
triggering mechanism, devoid of false alarms, has a better chance of being adopted and
used on projects.
Alarm transmission range. An intrusion alert technology is expected to provide
workers with adequate time to react to an impending hazard. To achieve this goal, the
technology should have the capability to reliably detect an upstream intrusion. Given
the unpredictability of vehicle speed within a work zone and the relationship between
approach speed and worker reaction time, an intrusion technology, for example, should
be able to respond to a possible threat at least 122 meters (400 feet) away in order to
provide 6 seconds of reaction time (assuming an approach speed of 35 mph).
Mobility. Highway construction operations are broadly categorized into two groups:
mobile and stationary. For mobile operations, the work zone closure is adjusted as the
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operation moves along the roadway. Historically, traffic control workers have been
exposed to a fair share of accidents due to constant exposure to traffic when moving
work zone delineators. An intrusion alert technology is less appealing if it requires
frequent manual movement by workers.
Number of alert mediums. Several mediums can be used to alert a worker when an
intrusion takes place. When such an intrusion occurs, WZIATs can warn workers of
potential hazards via audible, visual, and/or vibratory alerts. For a technology to be
useful, at least one of these mediums must be available. Simply put, a greater number
of alert mediums is preferred.
Summarizing Attributes and Determining Advantages
The attributes of each alternative under each factor were derived from one or more of
the following sources: manufacturer’s technical documents, results from the pilot
testing of the technologies, and review of literature describing previous research. For
instance, the level of loudness was chosen as the attribute representing the level of alarm
effectiveness based on the premise that the louder the alert technology, the more likely
workers will receive the alert. The audible alert was chosen over the visual and vibratory
alerts since all three technologies being compared had at least features for audible
warning alert. In addition, the triggering mechanism for each technology was derived
from the manufacturer’s manual. Table 6.3 highlights the evaluation factors, attributes
of alternatives, and information source.
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Table 6.3: Identified Factors and Attributes
General Category or
Factor

Information
about Attributes
of Alternatives
Installation and
retrieval
Loudness,
visibility, haptic
feedback
Fail safe (false
positive and false
negative)
Distance covered

Advantages of
each Alternative

Source of
Information

Least time
consuming
Loudest alarm

Focus group/pilot
testing
Pilot testing/ literature
review

Least false alarms

Manufacturers
document/pilot testing

Farthest distance
coverage

Pilot testing/literature
review

Alarm maneuverability

Movability

Requires least
movement

Focus group/pilot
testing

Number of alert
mediums

Types of alerts

More alert types

Focus group/pilot
testing

Ease of Implementation
Alarm effectiveness

Alarm trigger
mechanism
Alarm transmission
range

For this step, the advantage for each alternative with regard to its applicable factor was
determined based on the participants’ responses regarding predetermined factors and
criteria. For each factor, the alternative that outperforms the others was identified as the
most preferred alternative with regard to that particular factor. On the contrary, the least
preferred alternative is the technology that provides no advantages over the other
alternatives with respect to a particular factor. For instance, the level of loudness was
considered the criterion to evaluate the level of alarm effectiveness of each alternative.
Thus, the alternative that produces the lowest decibel level was considered the least
preferred attribute in terms of the “effectiveness of alarm” factor as it does not provide
any advantages over the other two alternatives with respect to that factor. Similarly, the
alternative with the greatest level of audible sound measured in terms of decibels was
considered the most preferred alternative for the “effectiveness of alarm” factor.
Following the determination of the least and most preferred attributes, the difference
between the least preferred attribute and the other attributes is determined and therefore
considered the advantage of each alternative.
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Determining the Importance of Advantages (IofAs)
Determining the importance of each listed advantage is a vital step in deciding between
alternative solutions when using the CBA method. The CBA process, as a valuecentered decision-making process, requires knowing the total importance of each
alternative. It is also crucial that values are assigned to each decision-making parameter
effectively. Assignment of values denoting the level of importance of each advantage
requires a collaborative effort between project stakeholders (Arroyo et al. 2016). IofAs
are typically chosen based on the consensus derived following deliberation between
project team members. To determine the importance of advantages, a scale (typically
between 1 and 100) is selected by the participants. The maximum value (an importance
level of 100 in this case) is assigned to the paramount advantage. The paramount
advantage is selected from the most preferred attributes because it is the most important
of all other advantages from the perspective of the decision-makers.
For the next step, IofAs of other advantages are determined in reference to the
paramount advantage. Due to the difficulty in bringing project stakeholders together for
a series of training sessions on the CBA process, the determination of the IofAs for the
present study was conducted based on the following procedures.
The focus group participants were initially asked to identify the level of importance of
each factor. The IofA value for each alternative was then determined based on: (1) data
received from the focus group participants, (2) additional information gathered through
onsite experience, (3) involvement in three case study projects, and (4) discussions with
industry experts and Oregon DOT personnel on the case study projects. IofAs were
determined for each alternative with respect to all factors in which potential advantage
can be generated and compared with the least preferred attribute. As this research study
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is exploratory to introduce a process for implementing a robust decision-making
framework when choosing between safety technologies in highway construction work
zones, this approach is considered acceptable.
Given that the purpose of the implementation of intrusion alert technologies is primarily
to provide an adequate alert for workers to react prior to errant vehicle impact, the
participants indicated that effectiveness (loudness, brightness, and haptic feedback) of
the alarm produced (audio, visual, and vibratory) is a critical element of the evaluation
process of such safety technologies. Accordingly, the alert technology that produces 95
decibels (SonoBlaster) is considered the paramount advantage (IofA = 100) since it is
28 units louder than the least preferred attribute in terms of decibels (see Table 6.4)
Next, the most important advantages of each alternative are compared to the paramount
advantage and assigned levels of importance relative to the paramount advantage. For
instance, the level of importance of the most preferred advantage with respect to the
“trigger mechanism effectiveness” factor for the Intellicone is almost as significant as
the paramount advantage from a practical standpoint. As such, a level of 95 was
assigned to the IofA for that particular advantage. This step was repeated for all other
advantages in order to assign levels of importance to each of the advantages. In certain
cases, the attributes of the alternatives are equally important and, therefore, none of the
alternatives is advantageous over the others with respect to the corresponding factor.
For example, with regard to movability, the three alternatives equally require constant
moving. Therefore, no attribute from the three technologies was considered
advantageous over the others with respect to movability. The underlined attributes in
Table 6.4 indicates the least preferred attributes. Table 6.4 summarizes the CBA
evaluation process of the three technologies.

192

Table 6.4: Choosing By Advantage Table
Factor
Criterion

and

1.
Ease of
implementation
Criterion:
The
easier to install,
deploy,
and
retrieve, the better
2.
Sound
effectiveness
Criterion: Louder
alarm is preferred
3.
Trigger
mechanism
effectiveness
Criterion: Fewer
false alarm, the
better
4.
Transmissio
n range
Criterion: More
distance covered is
preferred

Alternative #1

Alternative #2

Alternative #3

SonoBlaster

Intellicone

Att.: Easy to deploy,
requires initial setup
and extra care when
retrieving

Att.: Easy to
deploy
and
retrieve, requires
no initial setup

Least preferred alternative

Adv.: easiest to Iof
implement (most A
preferred attribute) 67

WAS
Att.: Easy to
deploy, requires
no initial setup,
extra care when
retrieving
Adv.: easier to
implement
(2nd
most
preferred
attribute)

Att.: 95 decibels

Att.: 74 decibels

Att.: 80 decibels

Adv.: 21 decibels
louder than the least Iof
preferred attribute A
(most
preferred 100
attribute)

Least preferred attribute

Adv.: 6 decibels
louder than Alt. 1
(2nd most preferred
attribute)

Att.: Impact-tilt

Att.: Impact-tilt,
wireless sensor

Att.:
hose

Adv.: Much more Iof
reliable
(most A
preferred attribute) 95
Att.: Extendable
coverage
(no
limits)

Adv.:
More
reliable (2nd most
preferred attribute)

Least preferred attribute
Att.: Cannot create a
network
Least preferred attribute

Adv.: Unlimited Iof
distance
(most A
preferred attribute) 82

Att.:
Manually
moved frequently
during
mobile
operation

Att.:
Sensors
manually moved
frequently during
mobile operation

Criterion:
Less
frequent manual
movement
is
preferred

Least preferred alternative

Least
alternative

6.
Number of
alert mediums

Att.: One alert
medium
(audio
alert)

Att.: Two alert
mediums (audio
and visual alerts)

5.

Mobility

Criterion:
more
provided,
better
CBA Score

The
alerts
the

Least preferred attribute

100

preferred

Adv.:
Provides
visual alert in
addition to the
audio alert (2nd
most
preferred
attribute)
321

Iof
A
77

Iof
A
50

Iof
A
70

Pneumatic
Iof
A
85

Att.: No more than
300 feet
Adv.: Extended
coverage up to 300
feet (2nd most
preferred attribute)
Att.: Pneumatic
tube
manually
moved frequently
during
mobile
operation
Least
alternative

Iof
A
65

preferred

Att.: Three alert
mediums (audio,
visual,
and
vibratory alerts)
Adv.:
Provides
visual
and
vibratory alerts in
addition to the
audio alert (most
preferred attribute)
350

Iof
A
80
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CBA Value-Cost Analysis
Prior to selecting the most value-generating alternative, a CBA value–cost analysis
should be conducted. In the absence of a cost difference among the alternatives, the
work zone technology with the highest CBA score should be selected. Since the three
technologies function differently, a metric-based cost estimate is required. For instance,
the estimated capital cost for covering a 1-mile work zone using the Intellicone,
SonoBlaster, and WAS is found to be $2,400, $1,260, and $5,940, respectively [the cost
per mile calculation is reported in Gambatese et al. (2017)]. The technology cost is
driven by the number or sensors (for Intellicone), the number of pneumatic tubes (for
WAS), and the number of SonoBlasters required to adequately cover 1 mile of work
zone. Given the different cost implications of each technology, the CBA concept for
financial decision-making analysis was applied. Figure 6.4 shows a semblance of a
linear relationship between CBA scores and capital costs of the alternatives. Based on
the analysis, it was found that the higher the CBA score, the more expensive the
technology. The result indicates that although the SonoBlaster is considerably more
affordable than the Intellicone and WAS, the SonoBlaster is associated with 69% and
71% less IofA value to stakeholders than the Intellicone and WAS, respectively. In
terms of value generation, the WAS is considered the most impactful in terms of
potential effectiveness and benefits to workplace safety. That being said,
implementation of the WAS is associated with high cost implication (approximately
$6000 of capital cost per mile).
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Figure 6.4: Cost versus Value Comparison

Step #5: Technology Selection and Implementation
Based on the circumstances detailed in the CBA value-cost analysis, the Intellicone is
favorable over the SonoBlaster and WAS given its value-cost combination. Although
the Intellicone is neither considered the most cost effective nor the most value
generating technology, its relative usefulness and price effectiveness make it a decent
compromise. That is, from a CBA value-cost analysis, the Intellicone is the most
preferred technology choice in this case study example.

6.7

Discussion of Case Study Results

The present study is the first of its kind that demonstrates the use of formal decisionmaking methods that consider value generated and capital cost of technologies within
safety management of highway construction. A robust decision-making platform should
account for costs associated with a technology, yet should separate the cost implication
from value generated, especially when assessing safety solutions that can change the
implication of an accident from a worker fatality to a minor injury or near miss.
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The results from the case study show that although the SonoBlaster was assigned the
paramount advantage, it was considered the least value-generating technology, based
on the CBA evaluation. In the absence of the paramount advantage, the SonoBlaster
was not considered an advantageous option with respect to the other factors assessed
due to its complexity during implementation, inability to create a connected network,
and limited mobility and number of alert mediums. Some of these characteristics are
crucial to the effectiveness of WZIAT. For instance, a technology that produces alerts
through different mediums (e.g., audio, visual, and vibratory) can perhaps be more
useful and reliable in alerting highway construction workers of a potential hazard.
Expectedly, the participants showed an apparent preference and inclination toward
safety technologies that produce more than one type of alert since having different
mediums of alerts can increase the avenue by which workers can be alerted of an
impending hazard in the work zone. In certain cases, some participants, however, were
not elated with the idea of attaching a PSD to their body since the device constituted an
extra gadget the participants had to deal with during a work operation. The respondents
deemed having an effective audio and visual alarm sufficient in some cases. Hence,
only three additional points was awarded to the WAS for the extra alert medium
(vibratory) it provides.
As a result of its advanced network connectivity, the transmission distance of the
Intellicone was considered the most preferred option with a value deferential of 17
IofAs. It is important to note that if the attribute measured for transmission distance
was the quality of coverage rather than how extendable coverage could be, the WAS
would have been assigned a higher IofA. A higher value would be awarded to the WAS
since its pneumatic tube covers the entire work zone perimeter, not just specific cones
(i.e., not reliant on intruding vehicles hitting a specific cone).
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It should also be mentioned that the implementation of the CBA-based decision-making
framework enhances the flexibility, transparency, and reliability of results since data
used in the evaluation process are both qualitative and quantitative and are obtained
from multiple sources. It should also be noted that different stakeholders may select
different alternatives. That is, although the attributes of a technology alternative remain
relatively constant across different projects, the IofA assigned to each attribute could
vary significantly depending on project conditions and constraints. For instance, for a
project located in a critical corridor known for a high volume of high-speed traffic, a
higher level of importance may be given to attributes of technologies that can
demonstrate a greater range of transmission distances as opposed to a greater level of
alarm loudness. Similarly, the need for a vibratory alert mechanism may be considered
more significant in a daytime construction site that is subject to heavy equipment and
passing vehicle noise.

6.8

Conclusions and Future Research

Developing a decision-making process that can provide a sound and reliable result is
essential for enhancing project performance outcomes. Such a process is particularly
important in the construction industry given the potential impact that scientifically
backed processes could have on improving lagging project performance. With respect
to highway construction safety, fatal injury rates have been consistently observed to be
at high levels compared with other industries. The resistance of the construction
industry to change and the limited use of technology are reported to be potential factors
behind these undesired safety outcomes (Holt 2015; Zhou et al. 2013). The
implementation of safety technologies can provide safer working conditions to highway
construction workers, which can eventually reduce the number of worker fatalities in
highway construction work zones (Wang et al. 2011). In that regard, making incorrect
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decisions by not choosing the most effective technology can limit or prevent potential
benefits. In certain cases, industry stakeholders may end up basing technology selection
primarily on subjective evaluation. This reliance on the use of subjective evaluation
methods is attributed to the absence of a formal decision-making framework that
industry stakeholders can use to make systematic and informed decisions with respect
to safety technology adoption in highway construction work zones.
The objective of the present study is to bridge this knowledge gap in practice by
developing and proposing an inclusive and systematic decision-making framework for
the evaluation of safety technologies in highway construction work zones. The
framework largely relies on empirical data obtained from field experiments, case study
projects, and other reliable sources. The proposed decision-making process contributes
to the body of knowledge by providing a framework that can be used to make informed
decisions regarding the implementation of safety related technologies in highway
construction work zones. The proposed framework consists of five phases designed to
identify an objective, identify a technology category, assess technology performance
and collect necessary data, evaluate technology alternatives, and select the most valuegenerating technology given budgetary constraints. Most notably, the evaluation
process of safety technology alternatives included the incorporation of the CBA
decision-making method that has proven effective in achieving sound decisions in the
construction industry (Arroyo et al. 2016; Schottle and Arroyo 2017).
A case study to select WZIAT was chosen to demonstrate the implementation of the
proposed framework. Based on the case study results, the Intellicone was selected as
the preferred alternative given the cost-value offered, whereas the WAS was the
preferred alternative based on the cumulative IofA value. The use of the case study
demonstrated the applicability of the proposed decision-making framework.
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It should be acknowledged that the proposed decision-making framework has certain
limitations. First, the proposed framework cannot be used to evaluate a single
alternative since it relies on the application of the CBA approach which compares
between advantages of multiple alternatives. Second, the study involved the evaluation
of seven factors. In reality, decision-makers may have more factors that they want to
consider depending on the type of technology. In such cases, decision-makers should
identify extra evaluation factors and perform independent evaluation procedures in
order to identify measurement criteria for each additional factor. Third, the results of
the case study are only applicable to certain scenarios and cannot be generalized across
the construction industry. Lastly, with respect to the case study results, a lifecycle valuecost analysis must be performed by taking into consideration not only capital cost but
also operation cost. Implementation costs of technology could differ significantly when
labor and maintenance costs are incorporated into the cost calculation. In the present
study, a lifecycle cost analysis was not performed

199

7 Conclusions, Limitations, and Future Research
The aim of the present study was to develop and evaluate novel decision support tools
for enhancing the integration of technology into construction work processes. To do so,
the research was designed to provide essential information required to develop
assessment tools followed by developing frameworks that will assist construction
project stakeholders involved in technology integration. Based on a comprehensive,
detailed review of literature and past studies, the following research questions were
developed to commence the study:
I.

What are the key predictors of construction technology adoption?

II.

Which predictors influence the adoption of technology the most?

III.

Can the predictors be successfully categorized into groups?

IV.

Is the level of adoption influence dependent on the type of technology?

V.
VI.

Can a construction (safety) technology adoption index be created?
What are the steps required to effectively implement a safety technology in
the construction industry?

VII.

What factors impact the use of safety technologies in construction work
zones?

VIII.

Can a multi-criteria decision-making framework be developed to effectively
facilitate and improve selection of construction safety technologies?

To answer the posed research questions, the following objectives were developed and
activities conducted:
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1. Identify, evaluate, and classify factors that can be used to predict the adoption of a
technology in the construction industry
a. Identifying key factors that can be used to predict the adoption of a
technology (predictors)
b. Categorize technology adoption predictors into groups
c. Assess the importance of the identified predictors and the applicability of
the grouping systems
d. Verify whether the technology predictors (and level of importance) are
consistent across technology types
2. Propose a framework to support decision-makers involved in assessing the adoption
and potential acceptance of safety technology
a. Determine significant factors and categories that impact construction safety
technology adoption
b. Develop a framework for assessing the viability of adopting a safety
technology
c. Validate the proposed framework
3. Propose a protocol for evaluating the effectiveness of worker-centric safety
technologies in the construction industry
a. Develop and implement a repeatable and practical scientific evaluation
protocol for work zone safety technologies focused on construction workers
b. Assess the effectiveness of WZIATs in a controlled environment and on
actual projects
4. Propose and validate an adaptable technology adoption index that can be used for
predicting the potential adoption of construction safety technologies
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a. Identify key predictors of construction safety technologies and categories
(similar to Objective 2a)
b. Develop a weighting system for each influential safety technology category
c. Develop a construction safety technology adoption index
d. Validate the construction safety technology adoption index
5. Propose a multi-criteria decision-making framework for implementing safety
technology
a. Identify an effective implementation process for construction safety
technologies
b. Provide detailed insight on each process leading up to technology
implementation
c. Propose and implement a Choosing By Advantages (CBA)-based decisionmaking framework to select appropriate safety technologies among
alternatives

7.1

Manuscript #1

The overarching objective of Manuscript #1 was to identify and evaluate the factors that
have the potential to predict technology adoption in the construction industry. To
achieve this objective, the researcher relied on a structured literature review followed
by generating insights on the topic from an expert panel consisting on professionals
from academia and industry. Finally a survey of the broader construction community
was conducted. Results from the structured literature review identified 26 technology
adoption predictors across 34 publications. Using thematic coding, these predictors
were distributed into four categories - external, individual, organizational, and
technological. These predictors were validated by an expert panel consisting of 12
individuals. Results from a survey of 159 construction professionals suggests that these
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predictors are not necessarily germane to a specific group of technology, rather the
identified predictors could be used when assessing a broad range of technologies. The
primary contributions of the first manuscript to research and practice are:
1. Synthesis and validation of information that serves as a valuable reference for
researchers interested in the technology integration domain. This information
could be used to conduct additional empirical research focused on identifying
the critical predictors for adopting specific technologies.
2. Provision of a consolidated checklist of primary technology adoption predictors.
This checklist will guide decision-makers in the construction industry when
assessing the potential of a technology prior to investing significant capital into
integrating a technology.

7.2

Manuscript #2

Although results from Manuscript #1 suggest that the identified technology adoption
predictors could be useful for assessing a wide range of technologies, it may be more
conservative to assess the impact of the predictors on a specific category of technology
prior to developing decision support tools. Therefore, Manuscript #2 focused on
assessing the impact of the predictors on safety technologies followed by developing
and validating a framework for guiding a safety technology adoption process. Results
from a national survey involving 257 construction professionals indicates that the 26
predictors identified in Manuscript #1 are important predictors of safety technology
adoption. When assessed according to company size and experience of respondents, no
significant difference was observed among the groups (e.g., small vs large enterprises;
1-5 years of experience vs. 20 years of experience) at a category level (external,
individual, organization, and technological). Technology durability, proven technology
effectiveness, technology reliability, having the required features, and level of training
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required were highlighted as the most important technology predictors. A framework
(C-STAF) highlighting a safety technology adoption process was developed and
validated by management personal in eight construction companies. In terms of primary
contributions to research and practice, Manuscript #2 adds to the body of knowledge in
the following ways:
1. Assessed the degree of importance of potential predictors of safety technology
adoption thereby providing essential information to both technology users and
technology developers.
2. Developed and validated a framework that can enhance the integration of a
safety technology in the construction industry.

7.3

Manuscript #3

In part, the C-STAF described in Manuscript #2 relies on results from an evaluation
study (Technological Level Assessment). Developing and executing an evaluation
process, grounded in scientific rigor, plays a vital role in improving the odds of
technology adoption. Among the reasons for the industry’s conservative approach
towards new safety technologies is the lack of scientifically-based yet practice-oriented
evaluation protocols that could be utilized by construction organizations to assess the
effectiveness of such technologies. To help improve adoption potential, the researcher
developed and implemented a five-step evaluation procedure for assessing work zone
safety technologies (WZSTs) specifically designed to protect construction workers. The
viability of the proposed procedure was exemplified using three commercially available
work zone intrusion alert technologies (WZIATs): SonoBlaster, Intellicone, and
Worker Alert System (WAS). Findings from the study suggest that utilizing the
proposed protocol could lead to comprehensive outcomes. A response rate ranging
between 33% and 100% and a median response time between 1 and 8 seconds were

204

documented during live testing on case study projects. By utilizing the proposed
evaluation protocol, it is expected that construction practitioners will be able to achieve
congruent technology adoption decision-making. The key contributions of Manuscript
#3 include:
1. Provided construction practitioners and researchers with an evaluation protocol
that can yield useful information on the capabilities and effectiveness of
construction worker-centric WZSTs. It is expected that decision-makers within
an organization can utilize this protocol in other to achieve congruent decisionmaking.
2. Provided construction industry practitioners with detailed results from the
assessment of WZIAT and practical implementation guidelines.

7.4

Manuscript #4

The use of predictive modeling tools to support decision making has gained some
momentum in construction management research. However, no study has attempted
using similar techniques to inform the technology adoption process in the construction
industry. Utilizing inputs from previous manuscripts in the dissertation (primarily
inputs from Manuscript #2), Manuscript #4 focused on developing a multi-criteria
decision support model that is validated using a predictive modeling approach. A survey
of 257 construction practitioners indicated that 19 out of the 26 predictors were critical.
Applying a combination of factor analysis and fuzzy synthetic evaluation (FSE), the
researcher developed a weighting system for the multi-criteria decision model termed
construction safety technology adoption index (C-STAI). Results suggest that the
predictors could be further decomposed into three primary groups - external,
organizational, and technological. Technology-based predictors have the most impact
in decision making with an index coefficient of 0.346. Subsequently, an evaluation
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protocol was developed and validated using an adapted version of popular regression
analysis frameworks called technology acceptance model (TAM) and theory of planned
behavior (TPB). The proposed evaluation protocol can be used to assess the potential
acceptance of a construction safety technology. The primary contributions of
Manuscript #5 to research and practitioners are:
1. The development of a technology adoption index using a novel approach that
combines the strength of multiple research methods and data analysis tools. This
proposed approach could be replicated by researchers in different fields when
assessing the potential adoption of technology.
2. For practitioners, the present study proposes and validates the usefulness of a
technology evaluation protocol. This protocol can be used as a tool to assess the
potential of a technology to diffuse across an organization as well as a tool for
benchmarking the performance of a technology when assessing the rate of
acceptance.

7.5

Manuscript #5

Technology implementation is considered the second phase in the technology
integration process (after technology adoption). In this phase, an organization is tasked
with selecting the appropriate technology from a class of technologies while
implementing an effective change management strategy. Limited research focused on
developing implementation tools for safety technologies has been conducted. In certain
cases, decisions such as choosing between technology options are made using
experiential individual knowledge without the application of scientific and systematic
decision-making methods. Manuscript #5 focuses on developing and implementing a
safety technology implementation framework that relies on the Choosing by
Advantages (CBA) decision-making method. A setting in which WZIATs were applied
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was selected as a case study. Using a focus group session and case projects as an
evaluation study process, the proposed framework based on the CBA decision-making
process was applied to evaluate three WZIATs. Findings from the current study will
benefit safety professionals and practitioners by providing a step-by-step approach to
make sound decisions that can enhance the level of safety in highway construction work
zones.
The key contribution of Manuscript #5 is the provision of guidelines and directions to
construction industry professionals and practitioners about how to implement the
decision-making framework to select between alternatives or a preferred combination
of safety technology.

7.6

General Conclusions

This dissertation set forth to investigate ways to enhance technology integration in the
construction industry with a primary focus on technologies used to improve worker
safety. Using several research methodologies, the present study identified key
predictors of technology adoption and developed decision support tools and procedures
that can be implemented to enhance technology integration in the construction industry.
These tools were validated and applied in real-world situations using case studies.
Drawing from the conclusions from each manuscript presented in this dissertation,
construction practitioners can assess the usefulness and the potential adoption of safety
technologies. Also, researchers could use the information generated by this study as a
benchmark (starting point) for advancing research on decision support tools for
integrating technology into work processes.
Although the research objectives and findings were focused on technologies for
improving worker safety, some of the frameworks could be utilized when integrating
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other technologies. However, each technology has inherent differences that should be
accounted for during the integration process.

7.7

Limitations

The general limitation of the manuscripts in the dissertation is the potential inability to
generalize the findings given research method limitations. However, conscious effort
was taken to improve the quality (e.g., generalizability) of the research outcome by
combining multiple research methodologies with complementing strengths where
necessary and performing reliability and validation analysis.

7.8

Future Research

7.8.1

Further Validation and Application of C-STAI and Development of

Threshold
In addition to the validation conducted as part of Chapter 5, it is essential that the
predictive strength of the proposed CSTAI is validated. Using a structured interview,
the validation process should include assessment of construct validity, external validity,
and internal validity via structured interviews. These three types of validity are
considered paramount in model validation (Walsh 1998). Consistent with past studies,
researchers could design an instrument consisting of questions that assess the validity
of the model (Hu et al 2016). Construction professionals with some innovation adoption
experience should be recruited to participate in the validation process. Next, a
retrospective analysis focusing on technologies that have been introduced to the
construction industry should be conducted. This analysis could be achieved by
developing a case scenario which includes key information for each technology. The
case scenarios should be distributed to construction professionals in decision-making
positions to assess and rate the potential of adoption using the proposed evaluation
protocol. Aggregated result from this retrospective analysis should be compared to the
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actual success or failure of the technologies evaluated. Using statistical analysis, a
threshold for predicting successful technologies can be developed. This threshold can
be used by decision-makers when applying the evaluation protocol to predict the future
adoption of a technology. That is, a technology will likely be successfully integrated
into an organizations work process if the technology scores above the threshold.
7.8.2

Computation Model (Safety technology and Machine Learning)

Results from validating the technology adoption index and the development of a
threshold could be used to develop a web-based predictive modeling tool that relies on
a Bayesian model. A Bayesian model will ensure that as more people use the tool, new
information is incorporated seamlessly leading to greater prediction strength. The
Bayesian-based model could also be used as a machine learning tool.
7.8.3

Technology Acceptance Model for Emerging Safety Technologies

As more technologies are developed with the primary objective of improving worker
safety, it is essential that acceptance models that include the primary constructs that
predict intention to use a technology are developed and validated. The technology
acceptance model will be used primarily as a measuring tool – to determine the current
state of workers’ intention to use the technology and the actual rate of acceptance.
Providing such measuring tools will assist an organization in developing strategic plans
and change management systems, such as increasing emphasis on worker training that
can facilitate the transition process.
7.8.4

Wearable Safety Device Usability Study

As mentioned previously, the use of wearable safety devices has increased within the
past five years. However, there is a limited pool of usability studies that rigorously
assess the feasibility and the actual impact of implementing WSD in different work
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conditions on an organization’s safety performance. Developing a feasibility and impact
assessment study that incorporates scientific and proven methods could help create
much needed evidence that could spur future adoption and acceptance of WSD. As well,
findings from such a study could lead to general guidelines and standards for
implementing WSD within organizations and the construction industry.
7.8.5

Optimization Tool for Selecting Safety Management Technologies

With the projected growth in development and introduction of technology into the
construction industry, it is essential that project managers and safety managers are
equipped with decision support tools to help them choose the right technologies for
their operation. This tool could be in the form of a decision tree. Such a tool would
enable companies to optimize safety without inflating the operation cost associated
with using technology.
7.8.6

Modify Financial Analysis (BCA and ROI) Tool for Safety Technology

Adoption
A primary predictor of technology adoption is the potential financial impact of the
technology on an organization’s bottom-line. Currently, there is limited research
focused on developing financial analysis frameworks for assessing the actual financial
impact of safety technologies on an organization. Researchers should consider
developing tools that capture vital information required to assess the true financial value
of a safety technology. This research could be achieved using popular financial
frameworks such as return on investment (RoI) and benefit cost analysis (BCA).
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7.8.7

Strategic Decision Support Tool using Scenario Planning and Monte

Carlo Simulation
One reason for the reported hesitancy towards adopting technology in the construction
industry is the negative impact a failed technology integration could have on an
organization or the introduction of a new technology that has better attributes. To deal
with this concern, some studies in project management have utilized scenario planning
and Monte Carlo simulation as rigorous tools to support strategic planning and decisionmaking. Future research should include developing a framework for implementing a
scenario planning into technology adoption integration process.
7.8.8

Developing Tools that Equally Improve Safety and Productivity

Although most organizations insist that safety is paramount on any construction project,
there still remains an emphasis on productivity gains. Past research has called for a
unified system for safety and productivity seeing that safety performance is correlated
with productivity. Future technology development research should consider exploring
the development of technologies with dual intent – improving productivity and safety
simultaneously.
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9 Appendix
Below are two related publications that are not included in the main body of the
dissertation. Publication #1 identifies and evaluates the safety innovations used in the
Nigerian construction industry. In addition, key drivers of safety innovation adoption
are identified and discussed in the publication. The information presented in Publication
#1 provides important context on the level of safety innovation awareness and
effectiveness in a different construction environment compared to those presented in
the main body of the dissertation. Publication #2 provides information on the state of
work zone safety technology in the highway construction industry. The primary
emphasis of Publication #2 is measuring the effectiveness of available work zone safety
technologies, determining the level of use of work zone intrusion alert technology
(WZIAT), and a retrospective analysis showing the usefulness of WZIAT.
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Publication #1

Construction Safety Innovation Awareness and Adoption in Nigeria: A Mixed
Method Approach
Article published in CIB WO99 and TG59 Conference Proceedings (2017)1
Nnaji, C., Gambatese, J., Awolusi, I., and Oyeyipo, O. (2018). “Construction Safety
Innovation Awareness and Adoption In Nigeria: A Mixed Method Approach.” In Joint
CIB W099 and TG59 Int. Safety, Health, and People in Construction Conf., Towards
better Safety, Health, Wellbeing, and Life in Construction, Cape Town, South Africa.
1

Construction worker safety is a continuous source of concern in most developing
countries. Available literature indicates that Nigeria’s built industry has struggled to
promote innovation in construction practices. Past studies indicate that the level of
innovation correlates to construction performance. Currently, no prior study has looked
into the state of adoption and effectiveness of safety innovation in the Nigerian
construction industry. To this effect, a study focused on identifying the level of safety
innovations in the construction industry alongside pinpointing barriers and enablers of
safety innovations is required. First, a synthesis of available literature on construction
safety in Nigeria was conducted to determine the current state of safety practice and
performance. Subsequently, a survey of construction and design companies in Nigeria
was conducted to determine the level of awareness and effectiveness of safety
innovations. In addition, barriers and drivers of safety innovations were identified.
Lastly, in-depth interviews with construction safety practitioners were conducted to
elicit more detailed information on safety innovation awareness. Results from the
current study indicate that worker training, client involvement, and government
enforcement of regulation are the major enablers of safety innovation adoption.
Furthermore, data on the current state of safety innovations in the Nigerian construction
industry was provided. Contextual information that could improve worker safety
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through heightened adoption of safety innovations is also provided. This study may
provide valuable guidance for improving worker safety in similar developing countries.
Keywords: developing countries, innovation, Nigeria, safety management.
Introduction
The construction industries in developed and developing countries are stigmatized with
poor performance (Enshassi and Abushaban 2009). Unlike the manufacturing industry,
the cyclical, fragmented, and volatile nature of the construction industry creates an
environment that strangles potential improvements associated with predictability and
continuous improvement (Faridi and El-Sayegh 2006; Odeh and Battaineh 2002).
Innovative ideas have been encouraged as a means of overcoming these innate
constraints. Innovation can be defined as the implementation of pertinent change and
improvement of products, process, or system that is new to the adopting organization
(Slaughter 1998). Broadly speaking, innovations can be divided into two categories:
technology and administrative. The increase in innovative processes (administration)
and products (technology) such as mechanization, automation, and use of information
technology reduce worker exposure to construction hazards thereby improving worker
safety. On the contrary, the construction industry in developing countries is highly
dependent on manual labor; leading to increased safety risk (Roland 2016). The use of
manual labor could be attributed to limited finance for capital expenditure, availability
of cheap labor, lack of skilled labor conversant with automation, and insistence on using
traditional methods (Roland 2016). Despite the inherent safety risk workers are
frequently exposed to on projects, the construction industries in developing countries
continuously struggle to provide adequate safety controls (Alkilani et al. 2013;
Vitharana et al. 2015; Kolo 2015). In Nigeria, several studies have been conducted to
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elicit the core problems behind the construction industry’s poor safety culture (Idoro
2011; Agwu and Olele 2013; Agbede et al. 2016). The lack of significant impact
resulting from these studies could be due to absence of consensus in past literature, nonidentification of key barriers and drivers of safety innovation adoption, and likely safety
innovation saturation. The current study proposes insights on how safety innovation
adoption can be improved. The objectives of the current study are to: (1) systematically
review the available literature on construction worker safety in Nigeria, (2) evaluate the
level and effectiveness of safety innovations, barriers and drivers; and (3) appraise the
extent of safety innovation adoption within the construction industry.
Synthesis of construction Safety literature in Nigeria
According to Gopalakrishnan and Ganeshkumar (2013), the objective of systematic
reviews is to identify, evaluate, and summarize the findings of all relevant individual
studies, thereby making findings more accessible to stakeholders. To this effect, the
current study provides a synopsis of previous construction safety research in Nigeria in
order to highlight the current state of the industry and direct future research. Through
keyword searches of Google Scholar and Scopus followed by a references check, the
researchers identified 47 construction safety related studies conducted in Nigeria. The
identified literature was then checked for redundancy and relevance to the research
scope. A total of 12 studies were dropped due to duplicity and lack of significant
relevance to worker safety. Results show that interest in safety research is growing
given that approximately 70% of selected articles were published within the last seven
years. Below is a summary of the literature divided into three categories.
Safety Performance
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The Nigerian construction industry is plagued with high accident and injury rates (Idoro
2011). The lack of priority placed on workers’ safety in Nigeria is appalling (Ajayi et
al. 2015). For instance, construction workers are unable to access adequate
compensation for work-related injuries. The lack of effective claims regulation and
compensation could negatively impact worker productivity (Kolawole 2014). Although
safety management is mentioned in most construction contract documents, safety is
rarely a priority during execution (Okeola 2009). One possible reason for poor
adherence to health and safety management is the degree of disconnect between the
level of safety management efforts and health and safety performance (Idoro 2008).
Another reason for the poor implementation of safety innovations is the perceived
impact on project cost. Though incorporating safety policies and frameworks on
construction projects drives up project cost, implementing safety policies is strongly
correlated with project quality and reduced project time (Okoye and Okolie 2014;
Muhammad et al. 2015). In addition, safety consciousness not only improves worker
productivity and overall performance, it also enhances a company’s reputation (Udo et
al. 2016). Regardless, safety is consistently ignored by contractors in the Nigerian
construction industry. Surprisingly, a study conducted by Famakin et al. (2012) revealed
that construction health and safety is perceived by contractors and consultants to be
more important than other key project performance parameters – cost, time, and quality.
Although safety is perceived to be an important project indicator, collective actions of
stakeholders in the Nigerian construction industry invalidate this premise. For one,
studies show that Nigerian construction workers are unaware of important health and
safety issues, including practices (Diugwu et al. 2012; Olatunji et al. 2007). Also,
organizations do not pay adequate attention to health and safety management (Diugwu
et al. 2012). The insensitivity towards safety management could also be observed in
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organization hiring of untrained workers. Socio-economic realities, religious and
cultural beliefs also play a part in the level of insensitivity (Kukoyi and Smallwood
2016). Alongside employment of unqualified and untrained workers, the influx of
immigrants and young workforce into the construction industry increases the potential
for accidents. These mishaps are largely due to a knowledge gap, language barrier, and
inability to understand implications of worker actions (Kolo 2015; Zuofa et al. 2016).
This safety knowledge gap is not peculiar solely for casual field workers but includes
formally-trained construction workers. One reason for the lack of safety awareness
among educated workers in the built industry is the lack of safety emphasis in the formal
educational system (Idubor and Oisamoje 2013; Afolabi et al. 2016). Although available
literature posits that construction worker actions (unsafe acts) and the industry safety
culture are significant contributors to accidents on construction projects (Aniekwu
2007; Nkem et al. 2015), the lack of awareness of health and safety management
practices amongst workers is troubling (Agwu and Olele 2013).
Safety Practices in Nigerian Construction Industry
Similar to most developing countries, the level of safety awareness and implementation
of safety practices in Nigeria leaves more to be desired. Given the ineffectiveness of the
government safety regulating agencies and nonchalance of clients towards worker
safety, Umeokafor (2014; 2014; 2016) recommended promoting worker safety through
self-regulation. Self-regulation, in the context of contractors’ safety management, has
inherent limitations. For instance, findings from a study conducted by Diugwu et al.
(2012) show that though sampled construction workers indicated a decent level of safety
regulation awareness, the workers observed actions were in conflict with the
regulations. Furthermore, a detailed safety management study conducted by Agbede et
al. (2016) indicate that although more than 50% of the sampled construction companies
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had health and safety policies, only 17.6% of the companies implemented safety
practices. This observation shows that while contractors’ self-regulation could improve
safety management and performance, the influence of internal and external forces such
as company size, cost impact, government involvement, and client’s insistence on
implementation of safe practice will have a greater and broader impact (Windapo 2013;
Muhammad et al. 2015). Similarly, Famuyiwa et al. (2012) advocated for a national
policy and legal framework for enacting and regulating site safety. Going a step further,
Okoye et al. (2016) and Orji et al. (2016) emphasized the need to establish safety
commissions at the state level if regulation enforcement is to be effective. This
suggestion implies that the government is considered a major player in the struggle to
improve worker safety. Some reasons for governments’ ineffective enforcement of
safety regulation are a lack of monitoring personnel and the inherently corrupt
implementation system (Idubor and Oisamoje 2013). In summary, the current state and
future of safety innovation implementation in Nigeria is “gloomy” (Agbede et al. 2016).
Recommendations
Following an observation-based study, Olatunji et al. (2007) recommended heightened
training (formal and informal) of all level of construction stakeholders as well as
integrating safety into the contractor selection process as a solution to the abysmal level
of safety awareness and accidents in Nigeria (Afolabi et al. 2016). In addition, increased
involvement of clients in safety discussions and regulation enforcement from
government agencies are key drivers to improved implementation of safety practices
(Idoro 2011a; Idoro 2011b; Kolo 2015). Development and implementation of culturally
viable ideas such as Okoye’s (2016) social ecological framework could help improve
safety performance. Other factors such as globalization, introduction of principles such
as lean construction, use of safety technologies, integration of social responsibility to
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safety planning, and improved worker compensation claim process could help drive
safety awareness which in turn reduces accidents (Idoro 2004; Agwu 2012; Tahir et al.
2012; Zuofa et al. 2016). A close observation of the existing studies indicates that
although there is no glaring trend in terms of level of safety awareness, there is some
consensus in terms of safety innovation implementation enablers (see Figure 1). These
enablers seem to be consistent with what is obtainable in other developing countries
(Vitharana et al. 2015).

Figure 1: Key Enablers of Safety Innovations Adoption
Point of departure
The present study differs from existing literature in that it implements a mixed method
approach to assess the level of awareness, effectiveness, barriers, and drivers of safety
innovations in Nigeria.
Research method
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To achieve the current research objectives, the study was delineated into three phases.
In phase one, the researchers conducted a structured literature review to identify and
evaluate available studies on construction safety management in Nigeria. This review
was carried out to determine the presence or absence of any accentuating
patterns/findings. Phase two focused on evaluating the effectiveness of safety
innovation and level of awareness in Nigeria. In total, 23 proven (in developed
countries) safety innovations were extracted from the peer-reviewed journals and safety
reports (Dorji and Hadikusumo 2006; Choudhry et al 2008; Esmaeili and Hallowell
2011; McGraw Hill Construction 2016). Since the information solicited from
respondents is perception based, a survey questionnaire was considered an appropriate
tool for the current study (Windapo and Jegede 2013). The survey questionnaire was
divided into four distinct sections: (1) demographic questions, (2) effectiveness
assessment of safety innovation used on projects, (3) identification of key barriers to
adoption of safety innovations, and (4) evaluation of important drivers of safety
innovation adoption. Effectiveness and importance were measured using a five-point
Likert scale where 1 indicates least effective and least important, and 5 represents most
effective and most important.
Phase three involved a combination of structured and standardized open-ended
interviews. The interviews provided both quantitative and qualitative information for
triangulating findings from the survey. The researchers elected to use a mixed method
approach consisting of a survey questionnaire and structured interviews to improve the
objectiveness of the study findings (Abowitz and Toole 2010). To ensure research tool
internal validity, questions were designed similar to those used by researchers who had
previously worked on construction safety innovation (Esmaeili and Hallowell 2011;
Ozorhon and Oral 2016). In addition, the survey and interview questions were pilot
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tested by four experienced Nigerian researchers and three individuals with extensive
practical knowledge of the Nigerian construction industry.
The present study participants were drawn using the convenience sampling method due
to accessibility and willingness of individuals to participate in the study (Toole, et al.
2010; Jimoh 2016). Prospects were generated through an online search for construction
firms as well as personal contacts. The survey was administered using Qualtrics (an
online survey tool) and in-person distribution. Ninety-seven (97) out of the 181
individuals contacted responded to the survey. According to Ofori and Gang (2001) and
Akintoye (2000), the number of responses received and response rate (53.0%) are
adequate. For the structured interview, only individuals with extensive construction and
safety knowledge were targeted given the information specificity required from
potential interview participants. A total of 15 interviews were conducted. Out of the 97
responses received, 15 were not sufficiently complete and could not be used in the
current study, hence a total of 82 responses were used for data analysis. About 45% of
the respondents worked for national contractors, 19% employed by multinationals, and
21% are state contractors (see Idoro 2011 for categorization of companies).
Approximately 67% of the participants had at least six years of experience in the
construction industry. Health and safety professionals made up 15% of respondents
while 29% were project managers.
ResultS and discussion
A total of 23 safety innovations were evaluated by the survey participants. In terms of
use of the innovations, all respondents indicated that upper management was involved
in worker safety. Following closely were the use of personal protective equipment
(PPE) and frequent safety inspection with 97% and 96% of respondents, respectively.

252

This finding is consistent with Idoro (2008) which ranked provision of PPE as the
foremost safety effort by contractors. Conversely, approximately 40% and 39% of
respondents indicated that they have not used location technologies and BIM for safety
purposes on a construction site respectively (see Table 1). About 20% of those with past
experience using location technology and virtual reality technology indicated that these
technologies were not effective. Figure 4 depicts respondents’ perception of safety
innovation effectiveness. The use of PPE and the presence of safety personnel were
highlighted as the most effective safety innovations (59% and 49%, respectively).
The results indicate that although the use of technology is credited with immense
advantages, the adoption and diffusion of technology remains a concern in developing
countries. In order to evaluate how safety innovation adoption can be improved in
Nigeria, respondents were asked to indicate what factors actually influence the adoption
of safety innovations.
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Table 9.1: Level of Awareness and Effectiveness of Safety Innovations (Percentage of responses received)

Safety Innovations

Not
Effective

Slightly
Effective

Effective

Moderately
Effective

Very
Effective

Not Used

Total

Upper management support for worker safety

2

13

25

29

31

0

82

Implementation of Job hazard analyses (JHA)

5

14

16

30

22

12

82

Safety and health orientation and training

1

9

18

31

32

8

82

Frequent worksite safety inspection

0

13

13

30

39

4

81

Conduct thorough near miss investigation

5

15

16

27

18

19

82

Develop site specific health and safety plan (HASP)

7

11

23

18

27

15

82

Emergency response planning

6

18

22

15

22

18

82

Safety record keeping and accident analysis

8

18

14

21

22

18

80

Include jobsite workers in safety planning process

8

11

18

22

24

17

82

Analyze potential site safety hazards in pre-construction

6

8

26

19

21

20

81

Implement open door policy for reporting hazard

7

11

33

8

18

23

82

Apply project-specific training and safety meetings

3

16

25

14

23

19

82

Safety and health committees

7

18

14

14

17

31

82

Implementation substance abuse programs

12

23

8

14

23

19

82

Provision of safety incentives

10

18

12

23

15

22

81

Subcontractor selection using safety performance

3

19

24

13

14

28

82

Implementation of design for safety concept

4

11

24

15

17

29

82
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Presence of safety manager/engineer on site

3

10

16

14

48

10

82

Use of building information model (BIM) to improve
safety planning

10

7

21

10

14

40

82

Use of personal protective equipment (PPE)

4

3

18

14

59

3

82

Implementation of location technologies (e.g., GPS) to
reduce accidents onsite

20

8

13

14

6

40

72

Use of virtual reality technology in planning operation

20

16

12

11

3

39

83

Implementation of information management system

10

16

21

20

11

23

81
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Table 2 summarizes the responses received from survey participants with regards
toenablers of safety innovations in construction. Consistent with past literature, client
demand and regulatory demand were assessed by respondents to have “very high” impact
in influencing the adoption of safety innovations (35%) while competitive advantage and
influence from peers had “very low” impact (10% and 5%, respectively). A more detailed
analysis of demographic impact on safety innovation adoption, effectiveness, enablers, and
barriers will be discussed in subsequent publication.
Table 2: Enablers of Safety Innovation Adoption (Percentage of responses received,
n=82)
Enablers

Very Low Medium High
low

Very
high

Concern about worker’s safety

3

0

29

37

31

Insurance costs

8

3

42

22

25

Liability concerns

3

8

26

37

26

Owner/client demand

0

16

18

31

35

Regulatory requirement

7

5

22

31

35

Desire to improve quality

0

6

33

32

29

Desire to improve productivity

0

6

23

39

32

Past incidence involving worker’s safety

3

11

38

23

25

Industry leadership in overall safety culture 1

11

41

34

13

Competitive advantage

0

10

46

34

10

Other contractors are doing it

3

28

42

22

5

The researchers also assessed factors that impede adoption of safety innovation in Nigeria.
Congruous with the literature review summary, response from survey participants indicate
that training and education of workers is a major barrier to safety innovation
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implementation. Alongside “lack of expertise and resources”, “wrong perception or
underestimation of safety risk” was also considered to be a “high” and “very high” barrier
to safety innovation adoption (see Figure 2).

Figure 2: Barriers to Safety Innovation Adoption
Qualitative and quantitative information were gathered in phase three. Methodological
triangulation was performed by contrasting survey results with findings from the interview.
Triangulation assists in limiting measurement and sample bias thereby improving quality
and reliability of research outcome (Love et al. 2002). As part of the interview discussion,
interviewees were first asked to fill out a survey questionnaire followed by more detailed
explanations to elicit vital information for triangulation. For instance, consistent with the
survey, interview participants indicated that owner demanding for safety and enforcement
of regulation requirement have a high impact on the decision to adopt safety innovations
(50% high, 50% very high). This result is supported by the following comment from an
interview participant: “Clients and the government play an important role in construction
practices. Clients should make it a requirement to hire only contractors with good safety
records.” Furthermore, Table 3 indicates some consistency between results from the survey
and the interviews. For instance, results from the survey and interview indicate that
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improved worker safety is the primary benefit of safety innovation adoption. To improve
the quality of comparison, only survey responses received from contractors were computed
in Table 3.
Table 3: Factors affected by Implementing Safety Innovation (Mean score and ranking of
responses received)
Safety Innovation Contribution Survey (n =32)

Interview (n = 15)

Mean Rank

Mean

Rank

Decrease in project duration

2.98

6

3.19

4

Decrease in project cost

3.05

5

2.29

6

Increase in worker safety

4.39

1

4.73

1

Increase in work quality

3.95

4

3.37

3

Increase in worker satisfaction

3.99

3

4.08

2

Increase in client satisfaction

4.00

2

3.00

5

Response to open-ended questions indicate that some employers believe safety is the
responsibility of the workers and making provision for safety is expensive. Furthermore,
increasing the level of hazard awareness among field workers and supervisors was
identified as an important way to improve safety innovation adoption. Nevertheless, cost
associate with increasing awareness such as training and hiring a safety supervisor was
highlighted as potential barriers. According to some participants, investing in safety
innovations has little or no impact on contract procurement. Using advanced technology
such as building information modeling (BIM) in pre-construction phases to identify
potential hazard was considered cost prohibitive. In addition, results from the interviews
show that ideas such as designing for worker safety are not popular among the sampled
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population (0% have used or plan to use). This result can be seen in the following comment
from a respondent: “Designing for worker safety (DfWS) sounds like an interesting
concept. It will take a while to get a hold in Nigeria. One way to actually achieve this
[DfWS] is to make a safety expert part of the design process whereby the drawing is handed
over to the safety expert to vet before handing over to the contractor. Training an architect
to know what is unsafe will take a long time. Regulations should be enforced as well.”
Conclusions
Findings from the literature synthesis, survey, and interviews indicated that adoption of
safety innovation could be spurred by increasing worker safety awareness and hazard
recognition through training, increased involvement of clients in worker safety, and
government enforcement of regulations. The evaluation of level of awareness and
effectiveness of safety innovations showed that only one safety administrative control –
involvement of upper management in worker safety - has been implemented by all of the
respondents. Although some inconsistencies were observed between the survey and
structured interview results, participants in the standardized open-ended interviews clearly
showed displeasure at the current state of safety and level of awareness.
Through identifying key barriers and enablers, the current study provides insights on how
worker safety can be improved through increased adoption of safety innovations. To
stimulate the adoption of safety innovations, government involvement through enforcing
safety regulations is imperative. Enforcing regulations will increase investment in worker
safety. In addition to fines for breach of worker safety, regulations requiring contactors to
record and report all accidents on a construction site should be enforced and monitored.
Based on the aggregated accident data, a system similar to the use of an experience
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modification rating (EMR) should be introduced to the construction industry. In addition,
construction companies do not consider being safe an advantage in the bidding process,
thereby reducing investment in worker safety. Training the construction workforce on the
importance of safety has immeasurable tangible and intangible benefits. Educating project
owners on the significance of making safety a core component when choosing contractors
will improve the level of safety awareness among contractors. Finally, conducting a
benefit-cost analysis of safety innovation adoption (in developing countries) could increase
the awareness of the cost benefits associated with enhanced safety practices.
Caution should be applied when generalizing the findings of the current study since a
convenience sample was used. Also, a larger sample would provide a more robust picture
of the safety innovation adoption trend in Nigeria. Considering the similarities in the
construction atmosphere in most developing countries, the results of the current study could
have some significance in other developing countries.
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Publication #2
Work Zone Intrusion: Technology to Reduce Injuries and Fatalities
Article published in American Society of Safety Engineers (ASSE) Journal of Professional
Safety (2018)1
1Nnaji,

C., Gambatese, J., and Lee, H. W. (2018). “Work Zone Intrusion: Technology to

Reduce Injuries and Fatalities”. Professional Safety, 63(04), 36-41.
Summary


Work zone accident statistics indicate a lot of room for improvement in safety for both
workers and motorists



Safety technologies such as work zone intrusion alert technologies are not widely used
in highway work zones



Most highway construction stakeholders are not aware of the potential for accident
reduction that work zone intrusion alert technologies can offer



Implementing work zone intrusion alert technologies in a highway construction work
zone could help improve the safety of roadway construction and maintenance workers



Current work zone intrusion alert technologies should be improved to increase their
adaptability

Case 1
Two construction workers were killed in a work zone by a hit-and-run driver on March,
13, 2017. A third was severely injured. The workers were conducting a ditch inspection
when a car veered off the lane and crashed into the work zone (Johnson 2017).
Case 2
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On April 07, 2017, at approximately 3:00am, a vehicle drove into a cut-off emergency lane
and struck four department of transportation (DOT) employees sanding and painting metal
structures beneath an overpass. One worker was declared dead at the scene of the accident
while two workers were severely injured (Park and Clark 2017).
Case 3
Following some erratic driving upstream, a vehicle entered into a highway work zone,
running over several barrels before coming to rest after hitting a company vehicle parked
in the work zone. Prior to crashing into the stationary company vehicle, a worker was hit
and killed (Reese 2016).
A consistent undertone in the three cases is the cause of the fatality – motorist intruding
into a pre-determined and closed off work zone. To keep the roadway open to the public
during construction, highway construction workers are often exposed to the hazards of
working in close proximity to live traffic. According to the Center for Disease Control and
Prevention (CDC), 1435 workers died on duty between 2003 and 2014, averaging about
115 fatalities per year (CDC 2016a). Vehicles intruding into a work zone are considered a
primary source of worker fatalities. In addition, CDC reports that approximately 50% of
fatalities recorded between 2011 and 2014 were attributed to vehicles hitting a worker in
the work zone (CDC 2016a). The results from a survey conducted by the Associated
General Contractors (AGC) indicate that approximately 50% of all US roadway contractors
witnessed a work zone intrusion in 2014 (AGC 2015).
Positive protection systems such as a mobile barrier trailer and a truck mounted attenuator
(TMA) can be implemented in work zones to protect workers from impact by intruding
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vehicles (Hallowell et al. 2010; Tymvios and Gambatese 2014). Although widely
considered effective, the high initial cost of using positive protection measures creates an
obstacle for extended diffusion of the devices (Brillhart 2010; Schrock et al. 2014). On the
contrary, a work zone intrusion alert technology (WZIAT) offers an alert-producing
mechanism with the potential of securing needed reaction time for workers in the event of
a vehicle intrusion into the work zone. WZIAT was first introduced to work zones in 1995
following a Strategic Highway Research Program (SHRP) sponsored study (Agent and
Hibbs 1996). Since the SHRP program, several WZIATs have been developed, evaluated
by departments of transportation (DOTs), and implemented in the work zones on a number
of highway projects. Despite its introduction over 20 years ago, WZIAT has not been
widely used in work zones (Wang et al. 2011). This phenomenon could be attributed to
several factors such as reported inaccurate alarms, difficulty to install and retrieve devices,
and low product awareness (Wang et al. 2011).
As mentioned previously, a primary reason for poor diffusion of WZIATs is the lack of
information on their usefulness and effectiveness. Given the potential of WZIATs, the
authors conducted a study targeted at determining the level of WZIAT awareness among
highway construction stakeholders. In addition, the study also aimed to provide a summary
of commercially-available WZIATs, considering that there is a dearth of studies
summarizing basic performance information of WZIATs. Finally, the researchers
investigated the potential usefulness of WZIATs on reported fatal work zone intrusion
cases.
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METHODS
To determine the level of WZIAT awareness in the highway construction industry, the
authors developed and administered a survey using the online survey tool Qualtrics
(http://main.oregonstate.edu/qualtrics). The survey was designed to elicit observed benefits
and obstacles to implementing WZIATs from stakeholders. To conduct the survey, the
authors prepared a questionnaire that consisted of three main sections.
Frist, demographic information was solicited from participants to provide data on the
characteristics of each respondent (e.g., position/title, years of experience, etc.).
Subsequently, participants’ general knowledge of work zone safety technologies was
requested. Furthermore, participants were asked questions specific to work zone intrusions
and WZIATs. The target audience for the survey included contractors, subcontractors, and
DOTs in the United States (US) and Canada. In addition, the authors conducted an in-depth
literature review and website search to generate applicable content on WZIATs for
highway construction stakeholders. Finally, the researchers identified and evaluated work
zone fatality cases captured in the NIOSH Fatality Assessment and Control Evaluation
(FACE) program to determine if WZIATs could have prevented the reported fatalities.
SURVEY RESULTS
In total, 296 contacts consisting primarily of American Association of State Highway and
Transportation Officials (AASHTO) members and members of the AGC OregonColumbia Chapter were emailed directly to request their participation in the survey. The
AGC Oregon-Columbia Chapter was purposively targeted to ensure that adequate input
from industry experts would be captured. A purposive sampling was performed given the
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specificity of the information required from respondents and to limit the potential of a low
response rate. It should be noted that the “request to participate” email asked receivers to
also forward the message to other professionals involved in highway construction.
However, not all 296 emails reached the intended target population due to some
unresponsive email addresses. A total of 114 responses were received. Out of the 114
responses, 111 (97%) were substantially complete. A total of 102 respondents (89%) fully
completed the survey. Approximately 65% of the responses received were from individuals
affiliated with a government agency while 32% originated from general contractors.
Responses received were primarily from project managers (51 responses, in total from
DOTs and general contractors) while project engineers, traffic control designers, safety
officers made up 36% of the responses. A total of 32 states from the US and two provinces
in Canada (see Table 1) participated in the survey.
Table 1: Responses by State and Province
Number of
Responses
1

2
6
24
32

States/Provinces
AL, CA, CN, DC, DE, FL, HI, IN, KS, MI, MT, NH,
NV, OK, PA, SC, SD, UT, VA, VT, WA, WV, and
SK (Canada)
AK, IA, MN, MS, NJ, and WY
OH
OR
BC (Canada)

Oregon provided 24 responses, largely due to the participation of AGC Oregon-Columbia
chapter members. Thirty-three responses were received from Canada: 32 from British
Colombia and one from Saskatchewan. The relatively high number of participants from
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British Colombia could be a result of a significant interest in work zone safety in British
Columbia.
The survey participants were asked about the types of work zone traffic control devices
used on their projects. The results are shown in Figure 1 (multiple responses allowed). The
figure indicates that portable changeable message signs (PCMS) are widely used on
highway projects while WZIATs are the least-used technologies (95% and 2%,
respectively).

Figure 9.1: Number of respondents currently using or planning to use each work zone
safety technology (n = 102)
Similarly, PCMS was selected as the most effective technology and WZIATs as the least
effective (see Figure 2). Furthermore, only 9%, 5%, and 3% of respondents consider
portable rumble strip, drone radar speed detection, and automated flagger as highly
effective work zone technologies, respectively. It is important to note that approximately
80% of the respondents indicated not knowing how effective WZIATs are. This finding
supports, in part, existing literature which suggests that work zone intrusion alert systems
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are not currently widely used in the construction industry (Wang et al. 2011). To validate
this finding, the survey participants were asked if they had used or are using WZIATs on
any project. The responses show that only 10% of participants indicated prior knowledge
and/or intention to use WZIATs. It could be inferred from this result that highway
stakeholders neither have adequate exposure to WZIATs nor adequate information on
WZIATs.

Figure 2: PCMS and WZIAT accident prevention effectiveness (1 = minimally effective
and 5 = highly effective).
Respondents were also asked what type of work zone intrusion occurred frequently under
their watch. Consistent with past studies (Bryden et al. 2000), 65% of respondents
indicated that “full intrusions” (vehicle intrusion into the work zone through the taper) were
the most prevalent type of intrusion followed by “buffer intrusions” (contact with vehicle
outside the work zone, e.g., sideswipe contact accidents) (51%). Approximately 15% of
the respondents indicated not witnessing any intrusions.
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Below are a couple of noteworthy statements from participants, indicating the respondents’
perceptions of WZIATs:



“Never used one or even heard of them in our Province. Definitely want to know
more.”
“I believe that any attempt to alert workers of intrusion is beneficial to WZ safety.”

Although over 100 responses were received and analyzed from 32 states, generalization of
the findings should be done with caution since approximately 50% of the data was collected
from Oregon and British Columbia.
CURRENT WORK ZONE INTRUSION ALERT TECHNOLOGIES
Four intrusion alert technologies are currently commercially available. Below is a brief
description of each technology, their capabilities, and how they can be applied in work
zones.
Intellicone; Highway Resource Solution; Unite Kingdom (www.intellicone.co.uk)

Figure 3: Intellicone (Video: https://www.youtube.com/watch?v=othcn5eMhW4)
The Intellicone is a wireless audio-visual alarm system designed to provide audible tones
of different pitches and oscillating visual cues over a long distance (Figure 3).
Consequently, construction and maintenance workers are provided valuable additional
reaction time if an intrusion occurs before the activity zone. Although the Intellicone
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configuration varies according to type, it primarily comprises a Portable Site Alarm (PSA)
and strobe lamps. The PSA is a battery powered unit that produces a visual and audible
warning alert when a vehicle breaches the Intellicone network. The strobe lamps are used
to create a wireless network using a relay system. The strobe lamps are designed to
communicate with each other once activated. Each strobe lamp has a transmission distance
of approximately 20 meters (Intellicone 2016a, 2016b). This network-based system enables
the Intellicone to increase its work zone coverage seamlessly. The strobe lamps are
activated once fitted on a cone.
Intellistrobe; IntelliStrobe Safety Systems; United States (http://intellistrobe.com/)

Figure 4: Intellistrobe (No video currently available)
The Intellistrobe system is an automatic safety alarm system primarily used in work zones
as an Automated Flagger Assistance Device (AFAD). These systems are equipped with a
gate arm, signal lights, pneumatic hose, and audio alerts (see Figure 4). Using a transmitter,
an operator controls the unit electronically from a safe distance (Intellistrobe 2016). In
addition to its primary function, the Intellistrobe is used as an intrusion alert technology.
The audio alert is triggered when an errant vehicle pressurizes the hose. No studies were
found that evaluated the effectiveness of the Intellistrobe as an intrusion alert technology.
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SonoBlaster; Transpo Industries; United States. (www.transpo.com)

Figure 5: SonoBlaster (Video: https://www.youtube.com/watch?v=WRFjerUnNVo)
The SonoBlaster device is a kinematic intrusion alert technology powered by a carbon
dioxide (CO2) cartridge. The SonoBlaster unit is a portable, self-contained device that
requires no electrical power to function. The device is attached to a traffic cone or barricade
at a pre-established interval (based on the work zone configuration and speed limits) along
the work zone to create a safe environment for field workers (see Figure 5). The alarm is
activated when the traffic cone supporting the SonoBlaster is tilted. This activation
produces an audible alert and also indicates where the hazard is emanating from. A
SonoBlaster unit can be attached to different types of traffic cones: A-frames, security
fences, barrels and drums, barricades, and delineators. Ideally, SonoBlasters are attached
to every cone (or every other cone) at least 400 feet before the activity zone depending on
the cone spacing and speed limit (Krupa 2010; Kochevar 2014).
Traffic

Guard

Worker

(www.astrooptics.com)

Alert

System;

Astro

Optics,

LLC;

United

States
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Figure
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Alert

System

(Video:

https://www.youtube.com/watch?v=tXB93yH4mmA)
The results from the survey indicated that the Traffic Guard Worker Alert System (WAS)
was a popular choice of the respondents who were aware of intrusion alert technologies.
The WAS is a pneumatic trigger-based alarm system that transmits intrusion information
through a microwave (Figure 6). The system comprises a lightweight visual-audio alarm
unit, portable activation hose, and an audio-vibratory personal safety device (PSD). The 12
feet long, extendable pneumatic tube is placed alongside the cones around a work zone to
create a perimeter that detects intruding vehicles. The audio, flashing light, and PSD alerts
are triggered when an intruding motorist compresses the pneumatic tube.
Table 2 highlights the types of alerts produced by each WZIAT.
Table 2: Alert Types for each Work Zone Intrusion Alert Technology

Intellicone
Intellistrobe
SonoBlaster
WAS

Audio





Alert Type
Haptic



Visual
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Comparative Analysis of WZIATs and Highway Equipment Sound Level
Due to study limitations, the IntelliStrobe® technology was excluded from the testing,
leaving the research team to focus on three technologies (Intellicone, SonBlaster, and
WAS). Consistent with the results of Novosels (2014), findings from a comprehensive
evaluation study sponsored by the Oregon Department of Transportation (ODOT) indicate
that the SonoBlaster produced the loudest sound (in decibels) across the different distances
measured (Figure 7). Nevertheless, all three technologies evaluated fell below the
minimum sound threshold for emergency alarms—the sound produced by an emergency
alarm should be at least 10 decibels greater than the loudest ambiant sound. In this case,
the ambient sound came from a nearby pavement compactor emitting 83 decibels, and
therefore creating a minimum required alarm sound level of 93 decibels.

*sound level of Intellistrobe has not been substantiated by evaluation study.
Figure 7: Sound Level of Intrusion Alert Technology and Equipment Measured 50 feet
Away
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Cost Implication
Using a per-mile estimate, the capital costs for covering a 1-mile work zone with
Intellicone, SonoBlaster, and WAS are estimated approximately at $2,400, $1,260, and
$5,940, respectively (Gambatese et al. 2017). It is important to note that unlike the
Intellicone and SonoBlaster, the WAS is not set up on traffic cones and can provide more
comprehensive work zone coverage since the pneumatic tube could be extended along the
entire work zone. In addition to the capital costs, it is essential that the operational cost of
implementing each technology is captured to provide a more holistic estimate. The
following link provides more information regarding the assessment of WZIAT
(http://www.oregon.gov/ODOT/Programs/ResearchDocuments/SPR790_IntrusionAlertT
ech.pdf )
Benefits
Generally, WZIATs have the potential to improve the safety of construction and
maintenance workers in highway work zones. Although the sound produced by the
evaluated WZIATs is below the minimum recommended threshold, some manufacturers
are currently upgrading their technology to produce louder alerts. For instance, a new
version of the Intellicone has been released that includes an adjustable volume control to
ensure enhanced auditory alert. In addition to an effective audio alert, a combination of
multiple alert sources (audio, visual, and haptic) has the potential to increase the alarm
effectiveness and create additional reaction time for workers in work zones. Also, some
WZIATs such as the Intellicone are relatively easy to deploy and retrieve thereby creating
minimal exposure of workers to roadway hazards and causing minimal interruption to
construction operations and work zone mobility. Depending on the project, WZIATs could
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be considered cost-effective when compared to other work zone safety technologies.
Finally, WZIATs such as the SonoBlaster pinpoint the direction of an intruding vehicle.
Technology Limitations
Several limitations associated with using WZIATs were documented in the limited studies
available. One primary deficiency reported was the regular occurrence of inaccurate
alarms. For one, the SonoBlaster recorded a number of false positives (alarm produced due
to unintentional triggering of the device) during evaluation. In addition, when implemented
in mobile operations, traffic control workers are required to continually move the WZIATs
as the operation progresses which could be a daunting task. In certain cases, some WZIATs
may not provide sufficient transmission distance leading to reduced reaction time.
Regardless of the transmission distance provided, if a motorist breaches the work zone
within the activity area at high speed, the WZIAT technology might not be able to provide
adequate warning for construction workers. As depicted in Figure 7, the sound produced
by intrusion alarms may not be audible over loud background construction noise.
In addition to the WZIATs described so far, a number of technologies with the potential to
improve the effectiveness of intrusion alert technologies are in the process of
commercialization. For instance, the Advanced Warning and Risk Evasion (AWARE)
system (http://artisllc.com/highway-safety/) and the Smart Taper and Safelane
(https://www.intellicone.co.uk/smart-taper) are two promising technologies undergoing
evaluation.
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EVALUATION OF WORK ZONE FACE REPORTS
Given the limited use of WZIATs on live projects in the US, a comprehensive assessment
of NIOSH Fatal Assessment and Control Evaluation (FACE) Reports was conducted by
the researchers to determine, in retrospect, if WZIATs could have played a significant role
in preventing the reported fatalities. In total, 25 highway work zone related fatality cases
were reported and evaluated by NIOSH from 1984 through 2007. Although 80% of the
documented fatalities were primarily caused by workers being struck by equipment, three
fatalities occurred due to intruding vehicles. Table 3 summarizes facts about each intrusion
fatality from the FACE reports.
Table 3: Summary of FACE Highway Work Zone Fatality Reports
Cause of fatality
Sleeping
driver
struck maintenance
worker in work zone
(CDC 2016b)

Driver lost control of
vehicle and veered
into the work zone
striking a
DOT
worker (CDC 2016c)
Flagger struck by
secondary
contact
from truck travelling
at 55 miles per hour
(CDC 2016d)

FACE Recommendations

Possibly
Prevented
by
WZIAT?
Periodically monitor and evaluate YES
employee conformance with safe
operating
procedures;
adopt Install WZIAT equipped with
policies that require workers to audio and vibratory alerts
work on the median side of the approximately
400
feet
guardrail; educate the public upstream of worker.
regarding work zone safety issues
Consider the use of supplemental YES
traffic control devices; consider
installing rumble strips along the Equip workers with personal
roadway pavement edges to warn alert systems. Install WZIAT
motorists
across potential entry points
around the work zone
Consider the use of additional YES
warning signs and traffic control
devices; provide and require use of Implement WZIAT with speed
hand-held or other portable radio detector and personal alert
communications equipment by systems with at least 600 feet
flaggers at all times
transmission distance
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As seen in Table 3, using additional work zone safety devices such as work zone intrusion
alert technologies could have reduced the chance of the worker fatalities.
CONCLUSIONS
Although past studies indicate considerable limitations surrounding WZIATs, results from
a recent study conducted by ODOT indicate that WZIAT has the potential to improve
worker safety. In addition, the six fatality cases (including introductory cases) presented
above highlight situations where implementing a WZIAT could have improved the odds of
preventing a worker fatality. Nevertheless, the survey results from the present study
indicated that WZIATs are not extensively used as additional work zone safety
technologies in highway construction. It is expected that by increasing the awareness of
the potential benefits of using WZIAT on highway construction projects, project planners
could consider including WZIAT in work zone safety traffic control. Future WZIAT
products should ensure that the technologies are capable of producing sounds greater than
93 decibels within 50 feet in addition to limiting false alarms. The effectiveness of future
WZIAT could be improved by increasing the sound produced. It is also expected that future
implementation can be increased by increasing the awareness of each technology.

