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ABSTRACT

iii

The construction industry has been facing considerable challenges due to the 

inadequacy of the traditional methods in executing, managing, and modeling infrastructure 

and construction projects. While many techniques have been developed to improve the 

decision-making process in the industry, there is no evidence of sufficient and continuous 

improvements in the industry’s adoption and implementation of innovative techniques such 

as new management approaches, modern modeling methods, and emerging computational 

data analytics. To this end, the goal of this research is to address some of the recent 

challenges faced in the industry with a focus on infrastructure asset management, 

construction engineering and management operations, and offsite construction technology. 

The research goals and objectives were achieved through multiple management, modeling, 

and computational analytical methods; including artificial intelligence and supervised 

machine learning algorithms, mathematical and risk modeling, statistical and multivariate 

time series analysis, clustering techniques and unsupervised data mining algorithms, and 

surveys and industry panel meetings. The research has numerous intellectual merits, 

methodological contributions, and practical implications as it addresses critical research 

areas that have not been investigated before and strengthens areas which needed in-depth 

examination and further advancements. The findings, outcomes, and conclusions of this 

research will contribute in further improving the cost, time, productivity, and safety 

considerations in the industry; leveraging innovative management, modeling, and 

computational analytics in infrastructure and construction projects; devising data-driven 

decision-making processes; and administrating and preparing the workforce of the future.
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1. INTRODUCTION

1.1. OVERVIEW

The construction industry is a significant contributor to different markets as well as 

to the economic health (Shrestha et al., 2020). Construction is a diverse industry and a 

project-based sector that includes different markets and project types such as infrastructure, 

non-residential buildings, mixed-use developments, commercial, residential, and industrial 

projects, among others (Arocho et al., 2014; Alashwal et al., 2017; Xia et al., 2018). 

According to the US Bureau of Labor Statistics (2019), the US construction industry 

employs 4.5% of the total US workforce, which is equivalent to around 7,289,300 workers, 

and it projects that more construction jobs will be created. Moreover, it is estimated that 

the construction sector will be one of the fastest growing industries with a predicted growth 

rate of 4.5% over the next years (Duffy Group, 2018), which makes the construction 

industry the leading sector in wage and employment growth.

The recent advancements in computational methods and modeling have provided 

exceptional capabilities to tackle and resolve many challenges faced by the construction 

industry. In relation to that, Cook (2019) provided that recent use of technologies and 

computational analytics have changed the landscape of the construction industry and have 

provided opportunities to leverage innovations and to disrupt the construction sector. In 

fact, according to Slaughter (1998), innovation can provide multiple advantages including: 

increase in economic growth, increase in the technical feasibility of construction 

undertakings, enhanced productivity, improved efficiency, social benefits, market growth, 

reductions in costs, improved reputation, ease of work, proposition of new solutions to



2

identified problems or technical constraints, attraction of promising new hires, enhanced 

competitive advantage, and improved technologies, among others. Although innovation 

has existed for several decades as a field of study, the focus was mainly on the 

manufacturing industry rather than on the construction industry; which led to a historical 

perception that innovation rarely occurs in the construction industry (Slaughter et al., 

1998). In fact, innovation in the construction is traditionally been considered informal, 

unrecorded, and bespoke to one project (Lim et al., 2010). Pellicer et al. (2014) stressed 

that by stating that innovation has not yet been fully explored in the construction 

management literature. Also, Holt (2015) stated that innovation in the construction industry 

is considered ad hoc and project specific.

Construction projects are large, very complex, long lasting, and are created and 

built by temporary alliance of disparate organizations (Slaughter et al., 1998). In addition, 

the construction industry is known to be a fragmented sector (Assaad et al., 2020f) where 

many project participants, including: owners, engineers, architects main contractors, 

subcontractors, suppliers, and manufacturers, have different obligations towards the 

successful execution of projects (Assaad et al., 2020g). This has created many challenges, 

uncertainties, risks, claims, and disputes in the industry (Khalef et al. 2021). In relation to 

that, Loosemore and Richard (2015) provided that “the construction sector has come under 

particular scrutiny around the world as being a low-innovation sector.” The low innovation 

in the construction sector has contributed to the fact that construction companies were not 

able to capitalize on the benefits and pronounced advantages of modern management and 

modeling approaches. Nevertheless, with all the recent advancements in technologies, 

computational methods, management techniques, and modeling procedures, it was
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inevitable for the construction companies but to invest in these modern and innovative 

practices and processes. Given that construction is a very diverse industry as it includes 

multiple sectors and project types, there is no one single way in which innovation occurs 

(Ozorhon and Oral, 2017). Innovation could be defined as the acquisition, generation, 

development, and implementation of non-trivial ideas, processes, or systems that are new 

to the state of the art and that have practical benefits (Lijauco et al., 2020).

According to The National Academies Press (2020), data science is emerging as a 

field that is revolutionizing science and industries, and the work across nearly all domains 

is becoming more data driven; which affects processes, operations, jobs that are available, 

and the skills that are required. Computational analytics is a field of data science that is 

concerned with computer-based analysis of data and includes approaches and methods such 

as artificial intelligence, machine learning, data mining, algorithms, statistics, and theory 

(Charfreitag, 2020). Computational analytics involve solving real-world problems through 

the capture, management, organization, and visualization of data to inform better decisions, 

or to embed data into mathematical/statistical models for an automated or optimized 

decision-making process (Issuu, 2018). That said, there has been a recent interest in 

leveraging innovative management and modeling techniques as well as computational 

analytics in different sectors of the construction industry such as infrastructure asset 

management, engineering and construction operations, and modern/smart construction 

methods.

Infrastructure networks are one of the most critical construction projects and 

systems. In fact, cities and their surrounding urban and suburban areas rely on interwoven 

infrastructure networks such that one entity’s function and performance affect its connected
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counterparts (Dong et al., 2020). The US infrastructure industry is forecasted to 

substantially grow over the couple few years. In relation to that, according to GlobalData 

(2018), the total output value of the infrastructure construction market reached $326.6 

billion in 2017 - which is up from $321.2 billion in 2012 - and is expected to rise to $396 

billion in 2022, which corresponds to a 3.9% annual average growth rate. The importance 

of the infrastructure industry is reflected also by the fact that each dollar spent on the US 

infrastructure brings an approximate economic benefit of up to $2.20 (Congress Budget 

Office, 2015). Also, the US Council of Economic Advisers has estimated that a $1 billion 

investment in transportation-infrastructure can support 13,000 jobs for a year (FHWA, 

2020).

High-quality infrastructure networks have become a prerequisite for delivering 

social benefits and achieving sustained economic growth due to the increase in 

urbanization and population growth (Ruiz and Guevara, 2020). This is especially with the 

increased demand for and interest in green and sustainable systems in recent years where 

such initiatives are considered among the most noticeable practices in today’s world of 

applications for design and construction (Assaad et al., 2021b). Sustainable infrastructure 

involves conceiving, designing, constructing, operating, maintaining, or 

repairing/rehabilitating the existing infrastructure facilities to maintain or upgrade the 

existing social, economic, or environmental conditions (Mirza and Ali, 2017). The topic of 

sustainable infrastructures is very broad and includes multiple elements and aspects 

including sustainable infrastructure systems. According to Dale and Hamilton (2007), 

“[t]he importance of sustainable infrastructure to a community and its capacity for 

innovation is similar to the foundation the human skeleton plays in the overall structuring,
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functioning and health of the body.” Hence, sustainable development must be encouraged 

in all phases of a project, and the industry shall move towards more sustainable practices 

and shall ensure that these practices continuously adapt to emerging changes and needs 

(Mirza and Ali, 2017).

On the other hand, engineering and construction operations are subject to 

interruptions due to the inherent nature of the construction environment itself (AbouRizk 

and Halpin, 1990). Construction operations refer to any construction and engineering 

activity that contributes to the delivery of construction facilities. Thus, construction 

operations do not only cover construction field activities or activities on the project level 

but also activities on the company level. To this end, construction operations include a 

wide range of aspects, and they are considered complex processes (Gong and Caldas, 

2010). Construction operations are influenced by internal factors—that companies usually 

have some control over them— as well as by external events which are usually not fully 

controlled by the company (Lee et al., 2010). Moreover, the increasing complexity of many 

constructed facilities and escalating demands for project performance are driving 

significant changes in the construction engineering and management operations (Tatum, 

2005). In relation to that, examples of construction engineering and management-related 

operations that are experiencing substantial disruptions include project performance, 

productivity, and safety. For instance, productivity data has been widely used as 

performance indicators to evaluate construction operations (Bai et al., 2012). Also, safety 

is not considered as an add-on to construction operations but rather it is essential to, and an 

integral part of, operations in the construction industry (Burkart, 2002).
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Furthermore, the construction industry is changing at a rapid rate, and new 

construction methods have emerged. In fact, the current construction operations include 

hybrid construction processes relying on both traditional onsite construction methods as 

well as offsite construction technologies. Offsite construction is defined as “the practice of 

preassembly or fabrication of components both off the site and onsite at a location other 

than at the final installation location” (CII, 2017). Furthermore, different offsite 

construction typologies exist including single-trade pre-fabrication, multi-trade pre

fabrication, preassembly, and modularization (FMI, 2018, Jang and Lee, 2018). Numerous 

studies have shown that the modular/offsite construction market will continue to grow in 

the coming years. In relation to that, according to Research and Markets (2018), the 

modular construction market had a value of $112.42 billion in 2018, and this value is 

expected to reach $157.19 billion by 2023; which corresponds to a compound annual 

growth rate of 6.9%.

Recent reliance on technologies, innovations, and computational analytics is 

helping professionals work smarter, not harder, which improves construction productivity 

and helps in doing much more with less resources (Cook, 2019). Although the construction 

sector has been recently responding to multiple things like the skilled labor shortage, new 

sustainability regulations, and advancements in information technology and software 

(Stannard, 2020), innovations in the construction industry still tend to be less than the 

innovations in other sectors (Lijauco et al., 2020). Thus, if  the construction industry does 

not embrace innovation, technological, and computational initiatives, it will fall behind 

other sectors, and it would take several decades for the construction industry to recover, if 

any. Hence, currently, there are a lot of opportunities that the construction industry could
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exploit, and this is the right time for leveraging innovative management and modeling 

techniques in the construction sector.

1.2. PROBLEM STATEMENT

Despite its substantial contributions to other sectors and the overall economy, the 

construction industry has been facing considerable challenges for decades. One of the main 

challenges experienced by the construction sector is the inadequacy of the traditional 

methods in executing, managing, and modeling construction projects. In relation to that, 

and while many techniques have been developed to improve the management and the 

decision-making process in the construction industry, more advanced management and 

modeling methods are needed (Yang et al., 2019) to solve and address the critical problems 

that the construction industry is currently facing.

In fact, Lim et al. (2010) provided that there is no evidence of continuous 

improvements in the industry’s adoption and implementation of innovative techniques. 

This especially seen as related to new management approaches, modern modeling methods, 

and emerging computational analytics. One of the main reasons behind this is that 

construction organizations are usually not willing to spend much money on that since it is 

considered as a cost intensive investment within definite returns (Lim et al., 2010). This 

has led the construction industry to be traditionally seen as a low-technology sector with 

low levels of expenditure on aspects related to innovative approaches (Noktehdan et al., 

2019). Nevertheless, construction companies have started to realize that there is no other 

option but to invest in more advanced management and modeling approaches to address 

the devastating challenges that are being faced by the industry.
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One of the critical challenges faced by the construction industry is related to 

infrastructure asset management (Noktehdan et al., 2019), especially with the inability to 

devise cost-effective, accurate, and efficient methods. Infrastructure asset management 

could be defined as the science, the knowledge, and the program to manage infrastructure 

systems to function in a sustainable, efficient, and effective way (Suprayitno and Soemitro, 

2018). While infrastructure asset management is the best approach for balancing growing 

demands, aging infrastructure, and constrained resources (Flintsch, 2002), infrastructure 

asset management is still a relatively new discipline and as such lacks well-grounded 

practices, theories, and innovations (Too, 2010).

Too (2010) adds that “while receiving relatively more interest and attention from 

empirical researchers, the advancement of this field [infrastructure asset management], 

particularly in terms of the volume of academic and theoretical development is at best 

moderate [because] many researchers and practitioners are still unaware of, or unimpressed 

by, the contribution that asset management can make to the performance of infrastructure 

asset.” Infrastructure asset management systems include innovative and intelligent ways 

for managing infrastructure maintenance and rehabilitation (Neves et al., 2016). Therefore, 

governments need to re-evaluate their infrastructure systems and adopt more innovative 

and sustainable approaches in managing their infrastructure assets (Mirza and Ali, 2017). 

Innovation is specifically needed for the rehabilitation and repair of infrastructure assets, 

since infrastructure systems are facing insufficient investment for their maintenance and 

upgrading (Mirza and Ali, 2017). In fact, according to ASCE (2016), around $4 trillion are 

needed to repair the current state of the US infrastructure by 2025. In addition, According 

to Katseff et al. (2020), public-infrastructure spending has fallen, and there is an unfunded
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infrastructure gap, or a backlog, of more than $2 trillion in 2016; this figure may currently 

be an underestimate. In fact, many departments of transportation (DOTs) in the US are 

reported that they are facing huge challenges in funding their infrastructure projects 

(Elsayegh et al., 2020). Also, America’s deteriorating infrastructure imposes enormous 

costs on the US economy as well as lower productivity and reduced competitiveness 

(Meisels, 2020). Therefore, better innovation practices are needed in the management of 

sustainable infrastructure assets.

Another challenge faced by the construction industry is related to poor and old 

management of engineering and construction operations. In fact, it has been shown, long 

time ago, that construction operations are prone to interruptions due to multiple reasons 

(Remold, 1989). Thus, many previous research efforts have aimed to improve construction 

operations either from the perspective of the overall construction environment or the 

construction process (Choy and Ruwanpura, 2005). While the area of construction 

operations has been an active field of research for decades (AbouRizk and Halpin, 1990), 

many innovative management and modeling initiatives could be still be leveraged in 

construction operations. One of reasons behind the inability of previous studies to fully 

leverage new methods in construction operations could be attributed to the fact that they 

are subject to multiple interacting factors that produce unpredictable outcomes as well as 

to stochastic events that are difficult to anticipate (AbouRizk et al., 2011). Also, 

construction operations are highly diverse, are performed under very different conditions, 

require many types of resources, and present a range of risks (Tatum, 2005). This is also 

further magnified by the uniqueness of construction operations and the fact that a model 

built to simulate one operation cannot be automatically used for a different one (AbouRizk
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et al., 2011). In fact, these differences in the construction industry, its products, operations, 

and technology suggest differences in the process of innovation (Tatum, 1989). While there 

are diverse construction engineering and management operations, new methods and 

approaches could still be leveraged in the following construction-related operations: 

assessment and prediction of project performance (Dulaimi et al., 2005), variables 

impacting construction productivity (Brochner and Olofsson, 2012), and enhancing safety 

performance (Esmaeili and Hallowell, 2012; Assaad and El-adaway, 2021a), among others.

One challenge faced by the construction industry is the reliance on traditional stick- 

built construction methods which have showed to possess many disadvantages as compared 

to more advanced, modern, and innovative methods such as offsite and modular 

construction (Liu et al., 2017). In relation to that, the construction industry has recently 

started to use offsite construction to boost the performance of their projects and to 

overcome many challenges experienced on construction projects (Barbosa et al., 2017). In 

addition, offsite construction is considered as an innovative solution to alleviate workforce 

issues since it reduces the reliance on the scarce skilled workforce and maximizes labor 

productivity by relying on automation (Nasirian et al., 2019). Offsite construction brings 

with it many disruptions to the construction projects in terms of its reliance on 

technological advancements; manufacturing processes; integrated planning, design, 

construction; transportation considerations; and supply chain optimization. These 

disruptions are believed to substantially influence the demand for and the skillset of the 

construction workforce (Arashpour et al., 2016). Nevertheless, the physical scale of the 

construction components and of the completed projects establish certain operational 

constraints that affect the development and use of innovations in the construction industry
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(Slaughter, 1998). More specifically, most of the construction activities are still being 

performed using the stick-built method such that construction works are executed, and 

components are assembled, primarily at the final location of the project. While offsite 

construction can bring many advantages and innovative techniques to the delivery and 

execution of construction projects, innovations in offsite construction are still considered 

to be limited. In relation to that, Slaughter (1998) stated that innovations that require 

controlled environments or conditions (i.e. offsite construction) during implementation are 

limited in their application since offsite fabrication and assembly activities in shops are 

limited to the space available and to the transportation requirements of the unit.

In summary, while various research efforts have been conducted to address and 

solve many challenges faced by the construction industry and infrastructure projects, there 

is still an undeniably room for improvement. While challenges exists in different 

infrastructure- and construction-related fields, this dissertation focuses on using innovative 

management methods, modeling techniques, and computational analytics in (1) the safety 

of dam infrastructures; (2) different construction engineering and management operations 

including project performance, productivity, and safety; and (3) offsite construction 

technology. These aspects were chosen due to the substantial knowledge gaps that were 

found in the existing research streams and current body of knowledge. In relation to that, 

the knowledge gaps that are identified and addressed in this dissertation are as follows:

1. Knowledge Gap A : Most of the previous research efforts focused on one special 

structural or geotechnical behavioral aspect of dams while disregarding the 

important potential hazard aspect. As such, no previous research work has been 

conducted to develop an artificial intelligence decision tool that can be adopted
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quickly and easily to provide accurate forecasts for the hazard potential level of 

dams in the US.

2. Knowledge Gap B : While many previous research studies attempted to predict the 

project performance of construction projects, most of the research efforts focused 

on one aspect of project performance: schedule or cost. In addition, other research 

studies attempted to forecast both time and cost at completion but without 

incorporating any direct relation between different project risks and project 

performance. Further, some studies incorporated possible inputs affecting project 

performance; however, the utilized inputs fall short of covering the varied risks 

present in construction projects. As such, no research work has offered an 

integrated approach to estimate the performance of construction projects. This 

indicates that the construction industry lacks the formulation of predictive models 

that factor a wide spectrum of project performance risks. Therefore, a holistic 

model that incorporates the different project risks that affect project performance 

in terms of both cost and schedule is needed.

3. Knowledge Gap C : While previous research studies focused on studying labor 

productivity in the construction industry, no previous research attempted to study 

the causalities and relationships between dynamic workforce and workplace 

variables and the productivity of the industry as a whole. Consequently, there is a 

knowledge gap in the literature in relation to the quantification of the impacts of 

different workforce and workplace variables on the productivity of the entire 

construction industry. As such, there is a need to take the earlier research directions 

a step further by rigorously investigating the relationship between dynamic
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workforce and workplace variables and the overall productivity of the construction 

industry.

4. Knowledge Gap D : Previous safety fatality studies in the construction industry 

focused mainly on the individual safety fatality factors rather than on analyzing the 

critical combinations, associations, and interconnectivities between the different 

fatality causes. Also, there is a lack of studies that have integrated clustering 

methods and data mining techniques to study the fatal safety accidents in the 

construction industry in specific. The traditional way of looking at safety incidents 

focuses on analyzing the weakest link in the chain of events by identifying the only 

one main cause for the accident and what went wrong that allowed the incident to 

occur. However, the rigid adherence to this way of thinking can lead to some 

significant errors in improving safety performance. As such, there is a knowledge 

gap in the literature in terms of focusing on the individual fatality factors rather 

than possible combinations and associations between them.

5. Knowledge Gap E : The increased use of offsite construction technologies has 

intensified the debate on its future and the impact of automation, manufacturing, 

and robotics on the workforce. While previous research works have focused on 

different aspects of offsite construction technology, no previous studies were 

conducted to investigate the impact of offsite construction on the different 

workforce occupations involved in offsite construction projects. In fact, very little 

research studies were directed to study the workforce-related aspects of offsite 

construction. More specifically, no previous study has been performed to study the 

impact of offsite construction on the onsite and offsite construction workforce, on
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different labor characteristics, and on the engineering, construction, and 

administrative workforce. To this end, there is a knowledge gap in the current body 

of knowledge as related to helping industry practitioners in prioritizing training 

needs and programs for the different workforce occupations involved in the offsite 

construction-related activities as well as in understanding the implications of offsite 

construction on multiple, rather than specific, workforce-related characteristics.

1.3. RESEARCH GOAL, OBJECTIVES, METHODOLOGIES, AND OUTCOMES

The goal of this research dissertation is to address some of the recent challenges 

faced in the industry by tackling the previously identified knowledge gaps with a focus on 

infrastructure systems, construction engineering and management operations, and offsite 

construction technology.

This research dissertation has 5 main objectives, each objective corresponding to 

each of one of the identified knowledge gaps.

1. Develop a data-driven model to evaluate and predict the hazard potential 

level of dams in the US.

2. Create a holistic model to predict project performance in terms of cost and 

time at completion.

3. Study and model the impact of dynamic workforce and workplace variables 

on the productivity of the construction industry.

4. Determine the critical combinations of causes or factors leading to safety 

fatality accidents on construction job sites.
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5. Study the impacts of offsite construction technology on the different 

workforce occupations and on labor-related characteristics.

1.4. RESEARCH PLAN

Although this dissertation has a single goal; it focuses on three research areas: 

infrastructure asset management, construction engineering and management operations, 

and offsite construction technology. Each one of these areas could be divided into modules 

to address the previously presented 5 objectives as shown in Figure 1.1.

Infrastructure
Asset

Management

Construction 
Engineering and 

Management 
Operations

Offsite
Construction
Technology

Introduction ConclusionsModules

Hazard Leve of
Dams

Research Summary
and Cone usion

Project
Performance

Challenges Research
<=2ProductivityFaced by the ContributionsIndustry

Recommendations
for Future Work

Impacts on the
Workforce

Figure 1.1 Summary of research plan.
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Each one of the previously presented 5 research objectives is tackled in a separate 

section in this dissertation. Figure 1.2 shows each objective and its associated methodology 

as well as the outcomes.

The first section is an introductory one; discussing the problem statement, 

presenting the knowledge gaps that need to be addressed, and defining the goal and 

objectives of this research.

The second section presents a supervised computational artificial intelligence 

model for the evaluation and prediction of the hazard potential level of dam infrastructures; 

thus, covering the first objective. The model is developed to equip dam owners and 

authorities with a valuable data-driven framework that could help dam regulatory 

organizations to evaluate and predict the hazard potential level of their dams with a good 

accuracy while minimizing the effort, time, and costs associated with the needed periodic 

formal inspections of the dams by authorized engineers, as well as to address the deficiency 

in resources, funding, and staff for dam infrastructures.

The third section proposes a mathematical and risk model for the prediction of 

project performance in the construction industry; thus, covering the second objective. The 

model allows practitioners to make better and improved predictions of project performance 

by incorporating all pertinent and available information on a wide spectrum of project risks. 

Furthermore, the presented model allows construction professionals to assess the impact of 

their decisions on the performance of the project and helps them take the appropriate 

corrective and preventive actions to minimize cost and schedule overruns.
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The fourth section develops a statistical and time series model to study the impact 

of dynamic workforce and workplace variables on the productivity of the construction 

industry; thus, covering the third objective. The model opens opportunities in relation to 

using the productivity of the entire construction industry to anticipate market volatility in 

the construction industry as well as to identify potential improvements in the overall 

productivity of the industry.

The fifth section presents an unsupervised model to determine the critical 

combinations of safety fatality causes in the construction industry; thus, covering the fourth 

objective. This section equips safety practitioners with a data-driven approach that can take 

into consideration the fact that, while safety accidents could happen due to factors or causes 

that are individually critical, fatalities on construction sites could also result due to a 

combination of factors that might not be perceived to be critical on the individual level but 

rather become critical when combined with other factors.

The sixth section investigates the impact of offsite construction technology on the 

different workforce occupations and labor-related characteristics; thus, covering the fifth 

objective. This section plays a critical role in helping offsite construction industry 

practitioners in workforce planning and management, in the prioritization of training needs 

and programs, and in improving the quality of the workforce involved in the offsite 

construction operations.
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1.5. RESEARCH BENEFITS

This research is different from existing efforts as related to the focus, methods, and 

purpose. After successful completion of the objectives, the research will have significant 

contributions to the body of knowledge from multiple perspective. First, the research 

develops a novel data-driven approach for the evaluation of the hazard level of dam 

infrastructures in the US. This will pinpoint the key variables that dams’ authorities shall 

considered as related to the hazard potential level of dams. Also, this will provide the 

agencies responsible for the management of dams in the US with a decision-support tool 

that could be used to accurately predict the hazard potential of their dams. Ultimately, this 

decision-support tool could be used to address the deficiencies in dams’ inspection 

resources, funding, and staff. Second, the research develops an advanced model for the 

prediction of project performance for construction projects based on a wide range of risks. 

This will provide project stakeholders with the capability of evaluating the impact of 

multiple decisions on the cost and time performance. Ultimately, this will lead to an 

enhanced decision-making process that helps in identifying the needed corrective actions 

for an enhanced project performance. Third, the research provides a better understanding 

of the different variables that affect the productivity of the construction industry. This will 

equip construction practitioners with a new information that could be used to anticipate 

market volatility and changing conditions. Ultimately, this provide the opportunity to study 

the health of the construction industry based on the fluctuations in productivity. Fourth, the 

research presents a data-driven approach to identify the critical combinations of safety 

fatality causes in the construction industry. This will equip safety practitioners with a 

robust method that allows them to take the needed preventive actions by identifying, in
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hindsight, the factors or causes that could lead to fatal accidents. Ultimately, this will lead 

to a better safety performance on the construction job sites and to reduced fatal accidents 

in the construction industry. Fifth, the research provides construction companies with a 

better understanding of the impacts of offsite construction on their different workforce 

occupations that are involved in offsite construction projects. This will help offsite 

construction industry practitioners in workforce planning and management, in the 

prioritization of offsite construction training needs and programs, and in improving the 

quality of the workforce involved in the offsite construction operations. Ultimately, this 

will help in devising effective workforce strategies that could be implemented for a better 

leverage of offsite construction technology.

Furthermore, the following 4 key elements play important roles in the infrastructure 

and construction industry: data, people, technology, and process. The mapping between 

these elements and the focus of this dissertation is shown in Figure 1.3. The data element 

refers to the available information and insights, the people element refers to the individuals 

who are doing the work, the process element refers to how the operations are performed, 

and the technology element refers to the tools used to function. Obviously, these different 

elements are connected. For instance, people in general follow processes and can leverage 

technologies. Also, the use of technologies enables better processes. In addition, data 

creates value, knowledge, and better understanding of people aspects, process functions, 

and technology resources.

To this end, the research benefits of the different sections in this dissertation will 

collectively help in addressing challenges faced in infrastructure asset management, 

construction engineering and management operations, and offsite construction technology
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as well as in enhancing the decision-making process in these areas. The benefits are listed 

in more depth in each section as well as in the Conclusion section (Section 7.2).

\ 7

\ 7

Figure 1.3 Mapping between sections and data, people, technology, and process aspects.
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2. SUPERVISED COMPUTATIONAL ARTIFICIAL INTELLIGENCE MODEL 
FOR THE EVALUATION AND PREDICTION OF THE HAZARD 

POTENTIAL LEVEL OF DAM INFRASTRUCTURES

2.1. OVERVIEW

Dams are considered a vital and beneficial part of a nation’s infrastructure (Fagel, 

2011), and they are defined as structural barriers built to obstruct or control the streamflow 

of water in rivers and streams (Encyclopedia.com, 2019). According to the Association of 

State Dam Safety Officials (2019a), dam failures have been documented in every US state, 

and 173 dam failures and 587 incidents (that would have resulted in dam failure if no 

intervention took place) were reported by state dam safety programs from January 2005 to 

June 2013. In general, dam failures cause immense property and environmental damages 

and take thousands of lives, and the potential for deadly dam failure is growing as the 

nation’s dams are aging and the population is increasing (Association of State Dam Safety 

Officials, 2019a). To address the critical aging high-hazard-potential dams, an investment 

of $45 billion is needed (ASCE, 2017).

Historical dams’ failures in the US were a prelude to a number of federal actions to 

create FEMA, and Congress to pass Public Law 104-303 to provide the country with a 

legislatively mandated National Dam Safety Program (NDSP) (FEMA, 2016). The aim of 

NDSP is to reduce the risk of life and property from dam failure in the US by establishing 

and maintaining an effective program to achieve national dam safety hazard reduction 

(FEMA, 2016). That being said, some states developed emergency action plans (EAPs) for 

their dams to reduce the likelihood of loss of life and property damages resulting from 

dams’ failures (FEMA, 2015).
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To achieve the aforementioned NDSP’s purpose, the hazard potential level or 

hazard rating of dams was created, and it is defined as the possible adverse incremental 

consequences that result from the failure of the dam or misoperation of the dam or 

appurtenances (FEMA, 2004b). FEMA created the hazard potential classification system 

to categorize dams based on the probable loss of human life and the potential for economic 

losses, environmental damage, and/or disruption to lifelines resulting from dams’ failures 

(FEMA, 2004b). This hazard system for dams is considered the common practice among 

federal and state dam safety offices to categorize a dam according to its potential impacts 

(Association of State Dam Safety Officials, 2019c). This hazard potential categorization 

for dams’ evaluation is also adopted by most dam safety organizations and inspection 

professionals, and it is not based on the condition of the dam, but rather solely on the 

downstream impacts (Eisenbraun and LaRiviere, 2014).

Further, the 2001 Dam Safety Law requires regular dam inspections every 2 years 

for high-hazard dams and every 4 years for significant-hazard dams (Schalit and Christie, 

2011). Multiple states in the US— such as Iowa, Kansas, South Dakota, Missouri, and 

Mississippi—possess very tight dam safety budgets that could be equivalent to a range of 

$22-$93 allocated annually per dam, which is very far from covering the costs of 

inspection or any needed maintenance (Bell, 2017). This has caused some states to 

chronically be behind in dam safety inspections where high-hazard dams can go longer 

than several years without inspection. In relation to that, Miller et al. (2012) provided that 

efforts to monitor and repair levees and dams are piecemeal and drastically underfunded, 

and hundreds of dams across the country whose failure would put lives in danger are years 

overdue for inspection.
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ASCE (2009) stresses the funding issues as well as the inspection deficiencies by 

stating that “many state dam safety programs do not have sufficient resources, funding, or 

staff to conduct dam safety inspections, to take appropriate enforcement actions, or to 

ensure proper construction by reviewing plans and performing construction inspections. 

For example, Texas has only 7 engineers and an annual budget of $435,000 to regulate 

more than 7,400 dams. That means each inspector is responsible for more than 1,050 dams. 

Worse still, Alabama does not have a dam safety program despite the fact that there are 

more than 2,000 dams in the state.”

The actual hazard potential of dams is determined based on a safety dam inspection 

conducted by authorized professional engineers. The professional engineer’s judgment and 

common sense must ultimately be a part of any decision on a dam’s hazard potential 

classification (FEMA, 2004). In general, each dam safety inspection report shall document 

the observations made during the inspection and the engineer’s opinion on the condition of 

the dam, in addition to any relevant information to the safety of the dam including any 

items requested by the chief engineer before the inspection (Kansas Department of 

Agriculture—Division of Water Resources, 2019). Further, the engineer should include a 

list of the hazards and a map showing the location of the identified hazards. That said, the 

hazard potential is established according to the engineers’ evaluation of the potential 

impact that the dam failure (breach) or misoperation (unscheduled release), should it occur, 

would have on the upstream and/or downstream areas or at locations remote from the dam 

(Association of State Dam Safety Officials, 2019c). An example of an upstream condition 

is the construction of another dam or water conveyance system that would affect the inflow 

of water into the reservoir, and a downstream condition could be the development in the
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dam’s floodplain (Brown et al., 1988). Because the performance of a formal inspection 

requires considerable efforts, time, and cost, this has led multiple states in the US— such 

as Iowa, Kansas, South Dakota, Missouri, and Mississippi—to possess very tight dam 

safety budgets that could be equivalent to a range of $22-$93 allocated annually per dam 

(Bell, 2017). These budgets are very far from covering the costs of inspection or any needed 

maintenance. This has caused some states to chronically be behind in dam safety 

inspections where high-hazard dams can go longer than several years without inspection. 

In summary, it is well reported that many state dam safety programs do not have sufficient 

resources, funding, or staff to conduct dam safety inspections (ASCE, 2009).

Based on the above, it could be concluded that there is a critical need to provide 

federal and state agencies with alternatives that are inexpensive, easy to use, and effective 

to help them in evaluating and predicting the hazard potential levels of their dams. As such, 

this section of the dissertation addresses this critical need by developing a decision support 

tool that can be adopted quickly and easily to provide accurate forecasts for the hazard 

potential levels of US dams.

2.2. OBJECTIVE

The goal of this section of the dissertation is to evaluate and predict the hazard 

potential level of dams in the US using a comparative approach based on computational 

artificial intelligence (AI) algorithms. The associated objectives include: (1) investigating 

the performance of two AI algorithms: artificial neural networks (ANNs) and k-nearest 

neighbors (KNNs) for the evaluation and prediction of the hazard potential levels of US 

dams; (2) developing a decision support tool that could be used by the agencies responsible
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for the management of dams in the US with the capability to predict the hazard potential 

with good accuracy; and (3) identifying the best subset of variables that affect the hazard 

potential level of dams.

2.3. CURRENT STATE OF LITERATURE ON DAMS AND ASSOCIATED 
LIMITATIONS

Many previous efforts have been carried out to study and analyze the different 

characteristics of dams from various perspectives. Because new research should build on 

previous work efforts to convey prospective findings that add to the body of knowledge 

(El-adaway et al., 2019), this subsection provides an overview of the previous research 

efforts that studied dams. In relation to that, Wen et al. (2019) performed a comparative 

study of concrete cutoff walls’ responses for earthen dams on alluvium foundations by 

gathering a data set of 58 cases. Lee et al. (2019b) conducted a seismic deformation 

analysis of embankment dams using the total-stress approach and presented an assessment 

of a finite-difference computer program using embankment dam prototypes tested in 

dynamic centrifuges. In addition, Savage et al. (2019) modeled the erosion and swelling of 

the sides of transverse cracks in embankment dams through carrying out laboratory tests 

on five representative soils used in the core of embankment dams. Jamali et al. (2018) 

developed a spatial multicriteria evaluation decision model to identify suitable sites for 

underground or subsurface dams for water supplies in an arid watershed using Boolean and 

fuzzy logic. Moreover, Wang et al. (2018) conducted a seismic dynamic analysis of gravity 

dams of different heights in the time domain based on the fluid-structuring model. Zhang 

et al. (2019a) studied the viscous damping and contraction joint friction in underwater 

explosion-resistant design of arch dams. Further, Saichi et al. (2019) investigated the
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effects of rock foundation roughness on the shear strength of dam-rock interfaces and dam 

sliding stability. Zhou et al. (2019) proposed a new wetting deformation simulation method 

for core-wall rock-fill dams.

In light of the preceding information, most of the previous research efforts focused 

on one special structural or geotechnical behavioral aspect of dams while disregarding the 

important potential hazard aspect. As such, this section of the dissertation bridges this 

knowledge gap by developing an AI decision tool that can be adopted quickly and easily 

to provide accurate forecasts for the hazard potential level of dams in the US. Ultimately, 

it is important to have a data-driven decision support tool that could help regulatory 

organizations in evaluating and predicting the hazard potential level of their dams for a 

better allocation of funds and for reducing the time, efforts, and costs associated with the 

needed periodic dam inspections by authorized engineers.

2.4. GENERAL INFORMATION ON DAMS

This subsection aims to provide general information on US dams. An EAP is a 

written document that (1) identifies incidents that could lead to potential emergency 

conditions at a dam, and (2) identifies the areas that can be affected by the reservoir and 

specifies preplanned actions to be followed to minimize property damage, potential loss of 

infrastructure and water resources, and potential loss of life caused by the failure or 

misoperation of a dam (Association of State Dam Safety Officials, 2019b). In fact, the 

failure of dams could have enormous impacts.

After performing a statistical descriptive analysis of the USACE (2019) data, it was 

revealed that the top five US states that possess the highest number of dams as a percentage
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of the total dams in the US are Texas with 8.03% of the US dams, Kansas with 7.02%, 

Mississippi with 6.67%, Missouri with 5.90%, and Georgia with 5.82%. The 

aforementioned states alone contain around 33.4% of the total dams in the US. Figure 2.1 

and 2.2 visualize the regulatory information of dams for different US states (shown on the 

maps) as well as across the entire US (shown as pie charts).

(a)r
0.14%

THE STATE REGULATORY ORGANIZATION HAS THE 
AUTHORITY TO REVIEW AND APPROVE PIANS AND 

SPECITICATIONS TO CONSTRUCT, INLAAGE, REMOVE, 
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71 48%

(b)

Figure 2.1 Descriptive statistics on dams’ EAP and review/approval authority. a) 
Percentage of dams with no EAP developed by the dam’s owner; and b) percentage of 
dams for which the state regulatory organization does not have the authority to review 
and approve plans and specifications, construct, enlarge, remove, and abandon dams.
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Figure 2.2 Descriptive statistics on dams’ inspection authority and notice authority. a) 
Percentage of dams for which the state regulatory organization does not have the 

authority to require or perform inspection; and b) percentage of dams for which the state 
regulatory organization does not have the authority to issue notices for owners to perform

necessary actions.

According to Figure 2.1(a), around 71.76% of the dams in the US do not require an 

EAP, only 18% of the dams possess EAPs, and 10.54% of the dams do not possess EAPs. 

In addition, Florida and Rhode Island are the two US states that possess the highest 

percentages of dams not having an EAP at 72.13% and 70.59%, respectively. The lack of
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an EAP could be very problematic in the event of a dam failure. Although worst-case 

scenarios are rare, they have happened in the past, reflecting that an exercised and well- 

prepared EAP is a valuable tool to help save lives (Tata and Howard, 2016).

For a state to qualify for assistance in the National Dam Safety Program, state 

appropriations must be budgeted to carry out state legislation. According to FEMA (2013), 

for a state to be eligible for assistance, the state dam safety program must be working 

toward meeting several criteria listed in Public Law 109-460, including: (1) the authority 

to review and approve plans and specifications to construct, enlarge, modify, remove, and 

abandon dams; (2) the authority to issue notices, when appropriate, to require owners of 

dams to perform necessary maintenance or remedial work, revise operating procedures, or 

take other actions, including breaching dams when necessary; and (3) the authority to 

require or perform the inspection, at least once every 5 years, of all dams and reservoirs 

that would pose a significant threat to human life and property in case of failure to 

determine the continued safety of the dams and reservoirs, and a procedure for more 

detailed and frequent safety inspections.

According to Figure 2.1(b), the state regulatory organization has the authority to 

review and approve the plans and specifications for 71.48% of the dams in the US. In 

addition, Alabama and Georgia possess the highest percentages of dams for which the state 

regulatory organization does not have the authority to review and approve the dams’ plans 

and specifications, at 100% and 91.63%, respectively. Moreover, according to Figure 

2.2(a), the state regulatory organization has the authority to require or perform the 

inspection for 75.82% of the dams in the US. In addition, Alabama and Missouri possess 

the highest percentages of dams for which the state regulatory organization does not have
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the inspection authority, at 100% and 87.10%, respectively. Further, according to Figure 

2.2(b), the state regulatory organization has the authority to issue notices for 71.56% of the 

dams in the US. In addition, Alabama and Georgia, possess the highest percentages of dams 

for which the state regulatory organization does not have the authority to issue notices for 

owners, at 100% and 91.63%, respectively.

2.5. MODEL DEVELOPMENT BASED ON ARTIFICIAL INTELLIGENCE 
ALGORITHMS

The research methodology followed in this section of the dissertation is divided 

into three main steps: data collection, data preprocessing, and data processing. It is worth 

mentioning that the followed methodology is slightly different than the one reported in the 

work of Assaad and El-adaway (2020e). Therefore, slightly different results are obtained 

in this dissertation as compared to the work of Assaad and El-adaway (2020e).

2.5.1. Data Collection. This section of the dissertation uses the published data on 

dams in the continental US by the NID, which was populated using the 116th 

Congressional District information (USACE, 2019). The data were provided by state and 

federal dam regulators. The NID is maintained and published by the US Army Corps of 

Engineers. The data contain numerous pieces of information on dams’ locations, types, and 

sizes, among others. A description of the data is provided in the next subsection. The data 

exist for all dams present in all US states.

According to FEMA (2004b), the hazard potential of dams is rated in the following 

three categories: low hazard potential, significant hazard potential, and high hazard 

potential. The description of each hazard potential level is given in Table 2.1.
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Table 2.1 Possible dams hazard potential levels in the US. Data from FEMA (2004b).

Hazard potential 
levels for dams in 

the US
Description Loss of 

human life

Economic, 
environmental, 
lifetime losses

Low

Dams where failure or 
misoperation results in no 
probable loss of human life and 
low economic and/or 
environmental losses; losses are 
principally limited to the owner’s 
property

None
expected

Low and 
generally 
limited to 
owner

Significant

Dams where failure or 
misoperation results in no 
probable loss of human life but 
can cause economic loss, 
environmental damage, or 
disruption of lifeline facilities, or 
can impact other concerns

None
expected Yes

High
Dams where failure or 
misoperation will probably cause 
loss of human life

Probable; 
one or more 
expected

Yes (but not 
necessary)

2.5.2. Data Preprocessing. The published NID data includes information on many 

dams’ features and variables as shown in Table 2.2 that reflects the potentially most 

relevant variables to dams’ hazard potential. As shown in Table 2.2, some variables are 

categorical (such as dam type), while others are numerical (such as distance to nearest city 

or town); hence, categorical variables shall be converted to numeric data through the data 

label encoder for efficient processing (Vincent et al., 2019). Since the one hot encoding 

method substantially increases the dimensionality of the data, categorical variables were 

transformed to numeric data (Khuriwal and Mishra, 2018) using the label encoder method 

because it provides fewer errors than other methods (Khan et al., 2019). The label encoder 

method works by transforming the categorical features to numerical values between 0 and

the number of attributes minus 1.
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Table 2.2 NID’s variables and their descriptions. Data from USACE (2019).

Variable
index Variable or feature Description Units

1 Distance to nearest 
city or town

Distance from the dam to the nearest 
affected downstream city, town, or village Miles

2 Dam type
Earth; rock-fill; gravity; buttress; arch; 
multiarch; roller-compacted concrete; 
concrete; masonry; stone; timber crib

—

3 Core

Indicates the position and type of watertight 
member. Position: upstream facing; 
homogeneous dam; core. Type: bituminous 
concrete; concrete; earth; metal; plastic

—

4 Foundation Indicates the material upon which the dam 
is founded: rock; rock and soil; soil —

5 Purposes

Indicates the current purpose(s) for which 
the reservoir is used: irrigation; 
hydroelectric; flood control and stormwater 
management; navigation; water supply; 
recreation; fire protection, stock, or small 
farm pond; fish and wildlife pond; debris 
control; tailings; grade stabilization

—

6 Age Indicates the dam’s age from its year of 
completion Years

7 Modified Indicates whether the dam was modified or 
rehabilitated or controlled —

8 Dam length Length of the dam, which is defined as the 
length along the top of the dam Feet

9 Dam height

Height of the dam, which is defined as the 
vertical distance between the lowest point 
on the crest of the dam and the lowest point 
in the original streambed

Feet

10 Structural height

Structural height of the dam, which is 
defined as the vertical distance from the 
lowest point of the excavated foundation to 
the top of the dam

Feet

11 Hydraulic height

Hydraulic height of the dam, which is 
defined as the vertical difference between 
the maximum design water level and the 
lowest point in the original streambed

Feet
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Table 2.2 NID’s variables and their descriptions. Data from USACE (2019).
(Continued).

12 NID height
Maximum value of dam height, structural 
height, and hydraulic height; accepted as the 
general height of the dam

Feet

13 Maximum
discharge

Amount of water the spillway is capable of 
discharging when the reservoir is at its 
maximum designed water surface elevation

Cubic
feet
per
second

14 Maximum storage

Maximum storage, which is defined as the 
total storage space in a reservoir below the 
maximum attainable water surface 
elevation, including any surcharge storage

Acre-
feet

15 Normal storage

Normal storage, which is defined as the 
total storage space in a reservoir below the 
normal retention level, including dead and 
inactive storage and excluding any flood 
control or surcharge storage

Acre-
feet

16 NID storage
Maximum value of normal storage and 
maximum storage; accepted as the general 
storage of the dam

Acre-
feet

17 Surface area Surface area of the impoundment at its 
normal retention level Acres

18 Drainage area
Drainage area of the dam, which is defined 
as the area that drains to a particular point 
(in this case, the dam) on a river or stream

Square
miles

19 Inspection
frequency

Scheduled frequency interval for periodic 
inspections of the dam Years

20 Spillway width
Width of the spillway available for 
discharge when the reservoir is at its 
maximum designed water surface elevation

Feet

21 Volume Total space occupied by the materials used 
in the dam structure

Cubic
yards

22 Number of locks Number of existing navigation locks for the 
project —

23 Length of locks Length of the primary navigation lock Feet
24 Width of locks Width of the primary navigation lock Feet

25 Number of separate 
structures

Number of separate structures associated 
with this dam project, including saddle 
dams (or dikes) as defined in FEMA 148 
(FEMA, 2004a), as a subsidiary dam of any 
type constructed across a saddle or low 
point on the perimeter of a reservoir

—
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In addition, since the output variable which is the ‘hazard potential level’ of dams 

is a very critical and important aspect of dams, dams with missing as well as undetermined 

hazard potential level were completely dropped from the dataset rather than imputed using 

data imputation methods to avoid assigning a value which is not totally precise. This has 

resulted in a total of 79,470 readings or dams.

The next data preprocessing step was the division of the dataset into 80% 

training/validation set (63,573 dams) and 20% testing set (15,894 dams). The testing data 

(15,894 dams) was held out for final evaluation of the developed decision support tool on 

unseen data to ensure its robustness.

The next data preprocessing steps include data scaling, data imputation, feature 

selection, and data oversampling. Each one of these steps is discussed in the following 

paragraphs. Also, it is worth mentioning that these steps were performed within the &-fold 

cross-validation loop.

Starting with data scaling, because the variables and features presented in Table 2.2 

have varying magnitudes, units, and ranges (for instance, the dam length is in feet and the 

volume is in cubic yards), this will create magnitude issues and thus there is a need to bring 

all features to the same level of magnitudes (Asaithambi, 2017). As such, the min-max data 

scaling method was used as shown in Equation (1) which rescales the range of features to 

the range of [0, 1].

X s c a le d  =
X -X r ,

X-max X min
(1)
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where Xscaied = scaled value of the unscaled value X; Xmin is the minimum of the considered 

sample of the variable X; and Xmax is the minimum of the considered sample of the variable 

X.

Further, because of some incomplete or missing NID data points, data imputation 

was performed to ensure a sufficient and representative amount of data is processed into 

the AI algorithms (Camm et al., 2019). As such, multivariate imputation was used in this 

research. It is to be noted that multivariate imputation is different that multiple imputation 

that was used in Assaad and El-adaway (2020e).

As for feature selection, a subset of the features presented in Table 2.2 shall be used 

in a way that it includes the variables and features that contribute the most to the predicted 

variable “hazard potential.” This is known as feature selection, which is the process of 

selecting the most useful features for building models with better generalization ability 

(Solorio-Fernandez et al., 2020). In addition, the importance of feature selection lies in the 

fact that it: (1) reduces overfitting by minimizing the redundancies in data, (2) improves 

modeling accuracy, (3) decreases training time, and (4) reduces computational complexity 

and memory usage (Ding et al., 2018). Wrapper methods are perceived to be more effective 

than filter methods because they consider the specific interactions between the feature 

subset search and the learning model (Yan et al., 2019). As such, a wrapper method was 

used to select the most relevant features. More specifically, the Boruta feature selection 

algorithm was used because it is considered one of the best ways for implementing feature 

selection with wrapper methods (Kaushik, 2016).

Since the output variable “hazard potential” included three classes (Low, 

Significant, and High) which are not represented equally, the dataset is considered as
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imbalanced because it has many more instanced of certain classes than others. This is 

considered to be an issue since classifiers tend to make biased learning model that has a 

poorer predictive accuracy over the minority classes compared to the majority classes, 

where test samples belonging to the minority classes are misclassified more often than 

those belong to the majority classes (Zheng and Jin, 2020). In such cases, different methods 

are present to help in alleviating such cases including oversampling techniques for the 

minority classes, undersampling approaches for the majority classes, or a combination of 

both. In relation to that, the synthetic minority oversampling technique (SMOTE) 

algorithm was used on the training set to oversample the minority classes as to reduce the 

imbalance in the samples.

2.5.3. Data Processing. This subsection offers all data processing details.

2.5.3.I. Choice of the computational artificial intelligence algorithms. Many 

AI predictive algorithms are present in the literature, and it would be infeasible to examine 

all of them. As such, the widely used algorithms that proved to yield good prediction 

accuracies compared to other techniques were reviewed. In relation to that, Ryu et al. 

(2019) and Jebelli et al. (2019) provided the following short list of AI algorithms: KNNs, 

multilayer ANNs, decision trees (DTs), and support vector machines (SVMs). Although 

all these AI algorithms were proven to possess good performance based on the domain 

application, each has its own benefits and drawbacks. In relation to that, one of the major 

drawbacks of SVMs is their unsuitability for large data sets because they take a 

considerably long training time (Viswanathan et al., 2019). Given that this section of the 

dissertation aims to train an AI algorithm for the entire 79,470 dams in the US, SVM is not 

perceived to be the best algorithm for the scope and goal of this section of the dissertation.
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On the other hand, one key disadvantage of DTs is that a small change in the data can cause 

a large change in the structure of the tree, causing instability (Kumar, 2019). Given that 

this section of the dissertation aims to develop a robust decision support tool for existing 

dams as well as for newly constructed dams in the US, DTs are not perceived to be the 

optimal choice.

KNN is believed to overcome these limitations because it performs well for large 

training sets (Topak et al., 2018; Richman, 2011) and it is able to make new predictions of 

unseen data owing to its ability to determine similarity among data (Miner et al., 2015). 

Furthermore, KNN is simple and easy to implement, does not require the tuning of several 

parameters, does not make additional assumptions, and is versatile, meaning it could be 

used for different applications (Horrison, 2018). In fact, the KNN algorithm is considered 

one of the top 10 AI algorithms (Gou et al., 2019), and it is usually used as the baseline 

algorithm in many domain problems (Hu et al., 2016). Furthermore, compared to other 

algorithms, KNN is able to generalize as unseen data with potentially complex geometry 

(Chen et al., 2019). On the other hand, ANNs are also believed to overcome and address 

the limitations of SVMs and DTs, among others (Ibrahim et al., 2019), because they are 

able to model complex problems since they possess the ability to control multidimensional 

data. In addition, they have the capability to achieve reliable prediction performance by 

changing their structures and internal information during the training phase to model highly 

nonlinear systems.

There is no clear-cut answer to which AI algorithm (ANN or KNN) is the best 

because it is highly dependent on the particularities of the data and problem at hand. The 

absence of a clear-cut answer has led to an increased research interest in performing a
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comparative approach between different AI algorithms to decide which one performs better 

than the other for a specific application domain. That said and given that there is no 

previous research that tried to predict the hazard potential level of dams, there is no definite 

guidance on the best AI algorithm to such application domain. To this end and based on all 

the previous discussion on the applicability and drawbacks of the different AI algorithms, 

KNNs and ANNs were used, which is similar to the reasons specified in the work of Assaad 

and El-adaway (2020c).

Other AI algorithms might perform better than the two investigated algorithms; 

nevertheless, the work presented in this section of the dissertation is believed to provide 

the foundation for, and encourage, future research work to try other AI algorithms. This is 

because the work presented in this section of the dissertation is the first research work that 

relies on the published NID data set, and thus it would not be reasonable to implement and 

compare all AI algorithms. At the end, the body of knowledge and the agencies responsible 

for the management of dams is the US would substantially benefit from the opportunity to 

investigate the performance of different AI algorithms in future research efforts.

2.5.3.2. K-nearest neighbors. KNN is an AI algorithm that could be used for 

regression as well as for classification purposes. In this section of the dissertation, KNN is 

used for classification (prediction of the hazard potential level/class). The output of the 

prediction is determined as the value or class with the highest frequency from the k-most 

similar instances. In relation to that, the dam’s hazard potential is predicted based on the 

plurality vote of its k  neighbors, with the dam being assigned to the hazard potential level 

that is the most common among its k  neighbors (where k  is a positive integer that is data 

dependent). As such, different values of k  ranging from 1 to 40 were investigated in this
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section of the dissertation, and the best value was chosen based on the highest average 

accuracy on the validation set using grid search. On the other hand, to determine which of 

the k  instances in the training set are most similar to the new input, a distance measure or 

function is used. In relation to that, there exist different distance measures with the two 

main ones being the Euclidean distance and the Manhattan distance. Using Python’s and 

sklearn’s K Neighbors Classifier, this could be tuned using the power parameter p  where 

if p = 1 then this is equivalent to using the (li) Manhattan distance, and if p = 2 then this is 

equivalent to the (h) Euclidean distance. It is worth mentioning that for any other arbitrary 

p  values, then the (lp) Minkowski distance could also be used, but this was not considered 

in this section of the dissertation. In other words, only p  = 1 and p  = 2 are investigated.

In addition, two weighing methods for the KNN algorithm exist: the uniform 

method and the distance method (Scikit-learn, 2019). The uniform method equally weighs 

all points in each neighborhood, whereas the distance method weighs the points by the 

inverse of their distance such that closer neighbors have a greater influence than those that 

are further away. These two weighing methods were considered. In relation to that and in 

addition to the distance functions and k  value, these weighing methods were considered as 

parameters for the grid search as to choose the one(s) with the highest accuracy.

2.5.3.3. Artificial neural networks. ANNs are one of the most widely used AI 

algorithms that can recognize the pattern between input(s) and output(s) (Dawood et al., 

2018). The structure of ANNs includes individual parameters or weights for each node in 

the network’s architecture, transfer or activation function that shapes the generated outputs 

or results, and learning rules that calculate the relative impact of the individual inputs 

(Mishra et al., 2017; Assaad and El-adaway, 2020b). ANNs rely on adjusting individual
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parameters or weights by error minimization through learning from experience (Avci and 

Abdeljaber, 2016). The adaptive moment estimation (known as Adam) solver was used to 

train the ANNs because practice has proved that it is better than other adaptive learning 

solvers (Li et al., 2019). Adam is an algorithm that can be used in place of the classical 

stochastic gradient descent (SGD) to update the weights in an iterative way based on the 

training data. It refers to a stochastic gradient-based solver (Scikit-learn, 2019) proposed 

by Kingma and Ba (2014). Further, Adam works well on relatively large data sets in terms 

of both training time and validation score (Scikit-learn, 2019).

The configuration or architecture of ANNs highly affects their performance 

(Negnevitsky, 2005; Keller et al., 2016). As such, this section of the dissertation 

investigates a multilayer perceptron with different configurations in terms of the number 

of hidden layers and number of neurons. The architecture of ANNs is generally composed 

of (1) an input layer that accepts input signals and redistributes them to all neurons in the 

hidden layers; (2) one or more hidden layers, which include computing neurons for the 

processing of the input patterns; and (3) an output layer that accepts output signals from 

the hidden layers and reports the output pattern of the entire architecture (Negnevitsky, 

2005). The number of neurons in the input layer is equal to the number of input variables 

and features, and the number of neurons in the output layer is equal to the number of output 

variables (three in this section of the dissertation: low, significant, and high hazard potential 

levels). As such, the determinants of an ANN’s architecture are the numbers of hidden 

layers and the number of neurons. In this section of the dissertation, the architecture of an 

ANN is represented as (Ni, N 2, ..., Nn), where n is the number of hidden layers and N is the 

number of neurons in the corresponding hidden layer. The number of hidden layers and the
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In general, the numbers of hidden layers and their neurons that provide the ultimate 

prediction accuracy are determined through trial and error, and they are problem dependent 

(Zhang et al., 2019c). However, well-established guidelines exist to help researchers 

narrow their search space. That said, the guidelines provided by Heaton (2008) were used 

as shown in Table 2.3. Based on Table 2.3, two, three, four, five, and six hidden layers 

were investigated with different neurons within each one because they can represent 

arbitrary decision boundary and complex representations.

number of neurons in each hidden layer were considered the parameters for the grid search

for the selection of the best parameters.

Table 2.3 Number of hidden layers and their descriptions. Data from Heaton (2008).

Number of hidden layers Description
None Only capable of representing linear separable functions or 

decisions
1 Can approximate any function that contains a continuous 

mapping from one finite space to another
2 Can represent an arbitrary decision boundary to arbitrary 

accuracy with rational activation functions and can 
approximate any smooth mapping to any accuracy

> 2 Additional layers can learn complex representations (sort 
of automatic feature engineering)

For the number of neurons within each hidden layer, there are no clear-cut answers 

to what the appropriate number of neurons is because it is dependent on the problem and 

the data at hand (Chao and Kim, 2019). In fact, the number of neurons in the hidden layer(s) 

determines the complexity of the ANNs. In other words, when the number of neurons is 

small, the associated ANN is considered to be simple, and when the number of neurons is 

large, the associated ANN is considered to be complex. While simple ANNs are faster and
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more efficient, complex ANNs are believed to better represent sophisticated relationships. 

As such, both simple and complex architectures for ANNs have their own advantages. To 

this end, the best way to choose the number of neurons within the hidden layer(s) is to 

consider a range of neurons that is able to cover both simple and complex architectures. 

That said, 10 cases for the number of neurons were investigated within each hidden layer: 

1, 2, 3, 4, 5, 6, 7, 8, 9, and 10. While the number of hidden layers and neurons is determined 

through trial and error of all possible combinations (Zhang et al., 2019c), only equal 

numbers of neurons were considered in each one of the hidden layers to reduce the training 

time. For instance, for two hidden layers, the following numbers of neurons were 

considered: (1,1), (2,2), (3,3), (4,4), (5,5), (6,6), (7,7), (8,8), (9,9), (10,10). The same 

applied if there are three, four, five, or six hidden layers. In relation to that, and since it is 

not feasible to report the accuracies for all the combinations of hidden layers and neurons, 

this section of the dissertation reports the obtained highest accuracy among all these 

combinations. Other hyperparameters were also tuned, including the L2 penalty 

(regularization term) parameter with possible values of 0.0001 and 0.05, the size of 

minibatches with possible values of 32, 64, 128, 256, and the initial learning rate with 

possible values of 0.1 and 0.001. Not many values were tried for these hyperparameters so 

that to reduce the training time.

2.5.3.4. Cross validation, hyperparameters’ tuning, and model evaluation.

This subsection aims to present all details pertaining to the performed steps in relation to 

cross validation, hyperparameters’ tuning/selection, and model evaluation. The exhausted 

grid search method was used to loop over the hyperparameters’ values for the developed 

AI algorithms (both KNN and ANN) because it is the most widely used approach
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(Chowdhury et al., 2019). Grid search is the process of building a model on each parameter 

combination and iterating through each combination accordingly to select the optimal 

parameters of the given model (Zhao and Jiang, 2019). In addition, k-fold cross validation 

was performed on the training data set by splitting it into k  folds (or k  parts) where the 

model is trained on k  minus 1 folds and its accuracy is reported or validated on the 

remaining cross-validation set or fold to obtain the optimal parameters for the AI 

algorithms. This is repeated k  times as to ensure that the cross-validation set was run on 

the entire spectrum of the data set. In other words, the five-fold cross validation was used 

where the training set was divided into five equal folds, with the first fold being used as a 

cross-validation set and the other four folds being used to train the AI algorithms. In this 

first iteration, the accuracy on the cross-validation set (CV1) is reported. In the second 

iteration, the second fold is used as a cross-validation set and the four other folds (50,858 

dams) are used to train the AI algorithms. In this second iteration, the accuracy on the 

cross-validation set (CV2) is reported. This is repeated five times to ensure that the cross

validation set was run on each of the five folds. The results of the fivefold cross-validation 

methods are five accuracies (CV1, CV2, CV3, CV4, and CV5) as shown in Figure 2.3.

Once the cross-validation process has been repeated k  times, as shown in Figure 

2.3, the average accuracy over the k  rounds shall be calculated (Singh, 2019a), and it is 

used as the basis for optimal parameter selection (Hammerla and Plotz, 2015). The used k- 

fold cross-validation set or method in this section of the dissertation is perceived to be 

better than other methods because it ensures the generalization and robustness of the 

created decision support tool (Hong et al., 2018) and it avoids overfitting in the predictive 

AI algorithms (Chemchem et al., 2019).
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Once the optimal parameters are selected based on the highest mean k-fold cross

validation accuracy obtained using the previous steps, the model with the identified optimal 

parameters is evaluated on the unseen testing data set (15,894 dams) for final testing of the 

created decision support tool. In relation to that, the confusion matrix is obtained, and the 

accuracy is calculated because it is the most widely used method for accuracy assessment 

among the various discussed approaches in the literature (Mukherjee, 2019).

2.5.4. Coding and Software Packages. The data preprocessing and processing on 

the collected data were performed using Python, which is an interpreted, high-level, 

general-purpose programming language. In addition, the predictive AI algorithms were 

coded using Project Jupyter, which is a nonprofit organization created to develop open- 

source software, open standards, and services for interactive computing across different 

programming languages including Python. Moreover, Python’s scikit-learn library, which 

is a free machine learning library, was used to develop the predictive AI algorithms. 

Additionally, Python’s open-source NumPy library was used to add support for large, 

multidimensional arrays and matrices, along with a large collection of high-level 

mathematical functions to operate on the arrays. Pandas library was used for data 

manipulation and analysis, and Matplotlib was utilized for data plotting and visualization.

2.6. RESULTS AND ANALYSIS

This subsection provides the obtained results and analyzes them.

2.6.1. Model Selection and Evaluation. The KNN AI algorithm was applied to 

predict the hazard potential of dams. Based on the 5-fold cross validation and the grid 

search approach described previously, the optimal value of k  was obtained to be 2 because
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it corresponded to the highest average accuracy on the validation set. In a similar way, the 

best other KNN’s parameters were determined where the optimal power parameter for the 

Minkowski metric was p  =1 which corresponds to the Manhattan distance, and where the 

optimal weighing method was uniform method. In relation to that, the best KNN model 

yielded a highest mean accuracy of 82.63% on the validation set. On the other hand, the 

ANN AI algorithm was also assessed to predict the hazard potential of dams. The highest 

average accuracy of 77.86% on the validation set was obtained for the following 

hyperparameters: an alpha value of 0.05, a batch size of 128, a hidden layer and neurons 

architecture of (10, 10, 10), and an initial learning rate of 0.001.

Comparing the obtained highest mean accuracies for KNN (82.63%) and for the 

ANN (77.86%), the best performing model is the KNN. In relation to that, and to evaluate 

and validate the performance of the selected best model on unseen dams’ data, the 

prediction accuracy of the model was computed on the testing set. The obtained confusion 

matrix on the unseen testing set is presented in Figure 2.4.

Figure 2.4 Confusion matrix of the developed decision support tool.
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Figure 2.4 shows that the highest numbers exist on the diagonals of the confusion 

matrix where the rows represent the true hazard potential and the columns represent the 

predicted hazard potential using the developed AI decision support tool. This reflects that 

most of the predictions are correct. The total prediction accuracy of the model is 82.58%.

2.6.2. Feature Selection. The Boruta algorithm was applied to select the best 

features subset that is relevant to the hazard potential level of dams in the US. The obtained 

results are shown in Figure 2.5.

Figure 2.5 Results of the Boruta algorithm for feature selection.

As can be seen from Figure 2.5, a total of 19 input variables or features was selected 

to be the best subset relevant to the dams’ hazard potential. As can be seen from the 

obtained feature selection results in Figure 2.5, the variable ‘inspection frequency’ has the
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highest weight. This is not to be mistaken for the formal dam’s inspection that the 

specialized or authorized engineers perform to determine the potential hazard level of the 

dam because this section of the dissertation aims to find an inexpensive and easy-to-use 

decision support tool as an alternative to the expensive formal inspection, and thus it is not 

logical to have formal inspection as a candidate variable for the feature selection. That said, 

the most important variable is the inspection frequency, which is the scheduled frequency 

interval for periodic inspections of the dam in years as defined by the USACE (2019) in 

Table 2.2.

2.7. SUMMARY

This section of the dissertation developed a data-driven AI-based decision support 

tool to evaluate and predict the hazard potential of dams in the US. The adopted research 

approach has: (1) identified the best subset of 19 variables that affect the prediction of the 

potential hazard level of US dams; (2) investigated the performance of two AI techniques, 

ANN and KNN, for the evaluation and prediction of hazard potential levels of dams; and 

(3) developed a decision support tool that could be used by the agencies responsible for the 

management of dams in the US with the capability to predict the hazard potential with good 

accuracy. The obtained results reflected that the KNN algorithm yielded better accuracy 

compared to the ANN algorithm. This section of the dissertation contributes to the body of 

knowledge by devising a data-driven framework or decision support tool that is valuable 

for dam owners and authorities because it could be used to evaluate and predict the hazard 

potential level of their dams with good accuracy while minimizing the effort, time, and 

costs associated with formal inspection of the dams. Future work could include the use of
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advanced techniques for the management of dam infrastructures such as optimization and 

photogrammetry (Fayek et al., 2020a, b, 2021).

2.8. RELATED APPENDIX

Appendix A presents the used data and Python code for the developed supervised 

computational artificial intelligence model for the evaluation and prediction of the hazard 

potential level of dam infrastructures.



51

3. A MATHEMATICAL AND RISK MODEL FOR THE PREDICTION OF
PROJECT PERFORMANCE IN THE CONSTRUCTION INDUSTRY

3.1. OVERVIEW

To ensure the successful execution of projects, many control systems and methods 

were developed and implemented to enable project managers to assess the deviations in 

time and cost from the established target objectives. The project performance in the 

construction industry is significantly affected because projects are susceptible to several 

uncertainties and are very complicated in nature (Flanagan and Norman, 1993; Mills, 

2001). In fact, the construction industry is ripe for disruption because the large asset class 

projects are up to 80% higher than the planned budget and require 20% more time than 

scheduled (Agarwal et al., 2016). In addition, only an estimated approximately 2.5% of 

companies successfully complete 100% of their projects (Betz, 2018). Further, despite the 

negative project performance in terms of cost and schedule overruns, only 28% of 

companies use project performance techniques (PMI, 2017a). Therefore, equipping 

companies with effective tools to predict their projects’ cost and schedule overruns earlier 

in the project life cycle is crucial for the successful execution of construction projects.

Schedule and cost overruns in construction projects have become an industry-wide 

status quo. This is reflected by a study conducted by KPMG (2015) showing that only 31% 

of construction projects were performed within 10% of the budget, and only 25% of 

projects were completed within 10% of their original deadlines. Moreover, many studies 

linked the poor project performance in the construction industry to the inefficiencies in 

existing project performance assessment and prediction techniques. For instance, PMI 

(2018) reflected that “the traditional measures of scope, time, and cost are essential but no
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longer sufficient in today’s competitive environment.” Further, Olawale and Sun (2010) 

stated that “despite the wide use of these methods [project control techniques] and software 

packages in practice, many construction projects still suffer time and cost overruns.” 

Ibadov (2016) stated that “more than half of the owners of construction projects came in 

contact with at least one problematic project despite the belief that they apply the right 

tools to plan and control their projects.” In addition, Samuel (2017) provided that “it is time 

to reassess the approach to effective performance of major construction projects.”

Triggered by the increase in global competition within the construction industry 

and the rapid advancements in technologies, most construction companies have started to 

direct substantial efforts to improve project control (Kivila, et al., 2017). The changes are 

being experienced at the internal and external project levels, thus, leading to a growing 

interest in project performance prediction, monitoring, and control (Kim et al., 2003). In 

addition, construction projects possess a unique nature that is considered to create many 

risks and uncertainties (Vaagen et al., 2017). The risks generate numerous scenarios in 

which one or more project objectives (such as time and cost) can be affected by uncertain 

events or conditions (Tereso et al., 2018). Although construction projects are being 

executed, for construction companies to possess tools that allow for the evaluation, 

assessing, and prediction of the project performance is crucial, including project parties 

being able to effectively act to avoid or limit such slippages in the case of cost or time 

overruns (Hazir, 2015).

Many previous research studies highlighted the urgency to develop holistic models 

for predicting the performance of construction projects. For instance, Hoffman et al. (2007) 

emphasized the need for a comprehensive model to more accurately predict the
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performance of projects. Olawale and Sun (2013) underlay the necessity of having 

improved cost and time control models that factor practitioners’ needs, requirements, and 

current issues in practice. Terry and Lucko (2012) highlighted that an urgent research need 

exists to create powerful and comprehensive tools to model projects’ time and cost 

performance. Leon et al. (2018) stressed that project managers strive to make reliable 

predictions about project performance; however, they are faced with the complexity of a 

performance prediction process that includes many indices that need to be modeled. As 

such, a comprehensive framework that factors the key risks that affect project performance 

is substantially needed in the construction industry. To this end, this section of the 

dissertation fills this knowledge gap by developing a framework using an unprecedented 

methodology that incorporates a list of project risks extracted from a previous study.

3.2. OBJECTIVE

The goal of this section of the dissertation is to create a holistic approach to evaluate 

project progress and predict its expected cost and time at completion by incorporating a 

wide spectrum of project risks. The associated objectives are to (1) quantify the impacts of 

the risks related to project performance in terms of cost and schedule; (2) formulate a 

holistic assessment model; and (3) correlate the developed system to predict cost and time 

at project completion. To this end, this section of the dissertation uses mathematical and 

risk modeling to devise explicit equations for the different project risks that affect the 

performance of construction projects to understand their behavior and predict the schedule 

and cost overruns in the construction industry. The outcomes will equip project 

stakeholders with a framework that evaluates the performance of construction projects
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based on a list of project risks. In addition, the developed model empowers project 

managers to evaluate the influence of different decisions on the cost and schedule overruns 

of projects. In other words, the proposed framework enables project administrators to take 

the necessary corrective actions to improve the performance of their projects. Eventually, 

such actions will include decreasing project delays and avoiding unnecessary costs.

3.3. BACKGROUND ON PERFORMANCE MEASUREMENT

A number of techniques have been developed to assess the performance of 

construction projects or to improve the quality of the decision-making process. Two of the 

leading approaches are earned value management (EVM) and risk management (RM), 

which stand out from other techniques because they could be applied in an integrated 

manner (Hillson, 2004). EVM is a prevailing technique in project management for globally 

monitoring projects by measuring the performance and progress of the works (Fleming and 

Koppelman, 2002). Traditionally, EVM combines schedule, scope, and resource 

management (PMI, 2013); however, the most common uses for EVM provide forecasts of 

project performance problems in terms of cost and schedule. EVM illuminates the current 

status of the project and where the project is going relative to where it was supposed to be 

and where it was perceived to be heading (PMI, 2005). That is, EVM utilizes a performance 

measurement baseline for which changes from this baseline are tracked to assess the 

progress of the project. As such, EVM enables project managers to assess the status of the 

project at different points during the project lifecycle and, consequently, effectively 

manage projects and programs (Kwak and Anbari, 2010). Nevertheless, the EVM 

technique metrics are believed to possess some drawbacks, such as “they are based on [a]



55

monetary unit and not on time. They can behave in ways that are not normally expected of 

schedule indicators and predictors. Furthermore, it is also possible that an earned value 

analysis may show that the project is delayed; on the contrary, the project would be on 

time” (KhodaBandehLou et al., 2016).

The RM technique shares common aspects with EVM in the sense that it equips 

decision makers with important information when considering management strategies. 

Boyadzhieva-Georgieva (2014) also underlined this concept and provided that “both 

Earned Value Management (EVM) and Risk Management (RM) are directed toward 

solving the same problem [which is] measuring a project’s performance by providing 

information that is used for a basis for making informed decisions and taking actions.” 

Nevertheless, the major difference between RM and EVM is that the latter is based on 

previous project information and extrapolates these data to understand the project’s future 

trends; however, the former focuses on the project’s unknown future performance to 

identify risks and recommend early actions to minimize or limit the impacts of identified 

risks (APM, 2008). This point was stressed by Babar et al. (2017), who stated that “[RM] 

in nature is forward looking, whereas EVM forecasts the future performance in the form 

of an estimate at completion (EAC) based on past data. The basic limitation of EVM is its 

sole reliance on past performance without taking into account the strength of [RM] of being 

able to foresee future uncertainty.”

3.4. CURRENT STATE OF LITERATURE ON PROJECT PERFORMANCE AND 
LIMITATIONS OF EXISTING PREDICTIVE MODELS

Many previous research studies attempted to predict the project performance of 

construction projects from various angles and by using different modeling techniques. For
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instance, Ling et al. (2008) utilized multiple linear regression to develop a model that 

predicts the project performance in China using project management practices adopted by 

foreign architecture, engineering, and construction firms based on data collected from 33 

projects. Lee et al. (2004) used the discriminant function analysis method to develop user- 

friendly interface software that predicts the performance of construction projects based on 

six practices: pre-project planning, constructability, project change management, 

design/information technology, team building, and zero accident techniques. Attalla et al. 

(2003) proposed a framework for infrastructure reconstruction projects based on 54 

projects using statistical analysis and artificial neural networks and an identified list of 

critical factors that affect the performance of reconstruction projects. Kim and Reinschmidt 

(2011) presented a probabilistic method to forecast costs using Bayesian inference and the 

Bayesian model average technique. Babar et al. (2017) focused on estimating the cost at 

the completion of projects by risk integration. Du et al. (2016) concentrated on improving 

the prediction accuracy of the cost at completion in the construction industry using a 

Markov chain simulation. In contrast, Chang and Yu (2018) developed metrics to predict 

the completion time of projects in the construction industry. Moreover, Rudeli et al. (2017) 

used Markov chain models to predict possible deviations in projects’ schedules and future 

progress. Jarkas (2016b) proposed a framework to predict project duration using the time- 

cost model and multiple linear regression based on 113 residential and 74 office buildings. 

In contrast, Mortaji et al. (2015) developed cost and performance indices for projects using 

a change point analysis to estimate the final cost and duration of projects. Lipke et al. 

(2009) predicted project outcomes based on data from 12 projects. Leon et al. (2018) 

utilized system dynamics and proposed a model for predicting project performance in the
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construction industry based on eight indices. Chen (2014) used a linear modeling approach 

to increase the accuracy prediction of cost and time at completion using collected data on 

131 sample projects. Ling et al. (2004) utilized multiple linear regression to develop a 

model to predict project performance based on data collected on 84 building projects. In 

addition, Leung et al. (2017) employed artificial neural networks to predict the project 

performance of architecture, engineering, and construction projects based on 108 project 

cases. Ko and Cheng (2007) proposed a model that predicts the success of construction 

projects using artificial intelligence.

These studies indicate that most of the research focused on one aspect of project 

performance: schedule or cost. This focus was stressed by Vanhoucke (2012), who 

reflected that although many tools were developed to predict project performance in terms 

of time and cost, most of the research focused on the cost aspect of projects. In addition, 

other research attempted to forecast both time and cost at completion but without 

incorporating any direct relation between different project risks and project performance. 

Further, some studies incorporated possible inputs affecting project performance; however, 

the utilized inputs fall short of covering the varied risks present in construction projects. In 

addition, other efforts developed models based on a limited number of data points on real 

construction projects. Moreover, other research studies employed existing modeling tools, 

such as system dynamics, linear regression, Markov chain, and others, to predict either 

negative or positive project performance but rarely both. As such, no research work is 

believed to have offered an integrated approach to estimate the performance of construction 

projects. This fact indicates that the construction industry lacks the formulation of 

predictive models that factor a wide spectrum of project performance risks or indices.



58

3.5. METHODOLOGY

As is subsequently detailed in the forthcoming subsections, a multistep 

interdependent methodology based on mathematical and risk modeling was used to achieve 

the research goal and objectives.

3.5.1. Step 1: Data Collection. This step provides the definitions of the 

terminologies used in this section of the dissertation and the methodology followed for 

quantifying project risks.

3.5.1.1. Definitions. According to Marle and Vidal (2016), the main result of the 

risk analysis process is to prioritize risks in terms of their criticality. Criticality is defined 

“quantitively” as the product of the probability and impact of each risk. Although no 

unified “qualitative” meaning of criticality exists, many studies attempted to define it based 

on its application. For instance, Stamatelatos et al. (2011) assigned the criticality rank of 

each risk based on (1) probability, (2) magnitude of the consequence, (3) the point at which 

the risk first surfaced, (4) the magnitude of uncertainties, and (5) the amount of time 

available to react. Rah et al. (2016) defined criticality as whether the entire system will fail, 

given that a part of it fails.

To this end, this section of the dissertation qualitatively defines criticality by 

reflecting the agglomeration of (1) the magnitude of uncertainty/probability of the event 

for which higher uncertainty means higher criticality; (2) the magnitude of the 

consequence(s) in the case that an event takes place for which higher magnitudes mean

Therefore, a holistic model that incorporates the different project risks that affect project

performance in terms of both cost and schedule is needed.
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higher criticality; (3) amount of time available to react when a shorter time indicates a 

higher criticality; and (4) the contribution of event failure toward the failure of the entire 

project in terms of cost and time for which the higher the contribution, the higher the 

criticality. This qualitative definition of criticality is used as the basis on which the users 

utilizing the developed model assess the criticality of the 25 identified project risks. In 

other words, the criticality of each project risk is entered as an input to the model after 

being assessed in terms of the magnitude of uncertainty, the magnitude of the 

consequences, the amount of time available to react, and the failure contribution.

Additionally, in this section of the dissertation, parametric fitted distributions refer 

to theoretical distributions existing in the literature. These distributions are determined by 

the relevant parameters; for instance, the normal distribution is defined by the mean and 

the standard deviation, and the beta distribution is defined by minimum, maximum, alpha1, 

and alpha2 (Clemen and Reilly, 2013; Palisade, 2018). In contrast, this section of the 

dissertation refers to nonparametric distributions for the manually fitted functions; these 

distributions do not possess predetermined parameters and, thus, could not be defined by 

parameters—instead, they are defined by explicit equations, such as polynomial functions. 

These definitions were devised from the literature in which a parametric function follows 

a theoretical distribution (Wilks, 2011). Thus, it considers that the data can be adequately 

modeled by a probability distribution that has well-determined parameter(s) (Geisser and 

Johnson, 2006). In contrast, the nonparametric and empirical distribution terms are used 

interchangeably (de Melo Mendes and Lopes, 2004) for which the data on the entire range 

of values is used to fit a cumulative distribution (Vose, 1996).
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3.5.I.2. Quantification of project risks. In order to quantify the risks associated 

with the performance of projects in terms of cost and schedule, a list of project risks 

affecting the execution of construction projects is needed. According to research by 

Abotaleb and El-adaway (2018), 25 project risks that impact project performance were 

identified based on an extensive review of the literature. The literature used to identify the 

project risks included papers that are peer-reviewed, published in archived scholarly 

journals (i.e., journal articles), and directly related to construction projects. These project 

risks were identified based on a meta-analysis of the literature that studied the key factors 

affecting construction project performance. Moreover, Abotaleb and El-adaway (2018) 

highlighted the lack of and need for a comprehensive model that integrates the 25 identified 

project risks for the holistic management of construction projects. To this end, Abotaleb 

and El-adaway’s (2018) identified project risks were used in this section of the dissertation 

because they were shown to be the most important based on a meta-analysis of the 

literature.

Because the term risk has been defined in numerous ways (Perrenoud et al., 2017), 

it is important to have a consistent nomenclature for the 25 identified project risks to ensure 

consistency when respondents fill in the survey. In other words, to ensure that the entered 

ratings of the respondents/users are consistent in using the Likert scale throughout the 25 

project risks, the meaning of each of the project risks was extracted from Abotaleb and El- 

adaway (2018) but was modified to reflect the negative impacts on schedule and cost. The 

negative nomenclature of project risks was used to be “align[ed] with the common usage 

of the word risk... as the extent and impact of adverse occurrences causing a construction 

project to exceed its predicted budget or cost plan sum” (Adafin et al., 2016). This point
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was also stressed by Khodeir and Mohamed (2015), who stated that “risk [is] generally 

recognized among those within the construction industry as the phenomenon of continually 

facing a variety of situations involving many unknown, unexpected, frequently undesirable 

and often unpredictable factors.” Accordingly, the utilized negative nomenclature of 

project risks is only to ensure consistent terminology throughout the 25 risks (instead of 

having some risks reflecting positive impacts and others reflecting negative impacts). This 

unified nomenclature avoids creating confusion for the respondents when they provide 

their individual ratings because they do not have to change their understanding of the used 

Likert scale from one project risk to the other. Worth mentioning is that another used but 

less common definition of risk is one that is similar to that of ISO 31000 (ISO, 2018) for 

which a risk includes the effect of uncertainty on project objectives as a deviation from 

what is expected, with such an effect being positive or negative. Nevertheless, the negative 

nomenclature of project risks has no relation with the predicted project performance 

because the developed model can predict negative as well as positive project performance 

in terms of schedule and cost overruns, as provided in subsequent subsections. This is 

possible because, although entering the criticality value of each project risk, the respondent 

or user provides a high value if the corresponding project risk has a negative impact on the 

schedule and/or cost of the project and a low value if the project risk has a positive impact 

on the schedule and/or cost. Table 3.1 summarizes the project risks and their meanings.

After determining the project risks that affect project performance, a survey was 

developed to establish the probability of occurrence (Pr) and impact (Im) for each project 

risk; calculate the criticality (Cr) for each project risk; and, ultimately, fit distribution 

functions for each project risk based on the calculated Cr.



62

Table 3.1 Project risks impacting project performance

Project risk Meaning
Unrealistic
scheduling

Failing to: recognize and incorporate uncertainties in duration 
estimation; add contingency buffer to activities; and determine 
proper logical sequencing of activities; among others.

Inappropriate 
schedule pressure

Failing to: take action when the project is behind schedule or 
when the project is on schedule but needs to be accelerate; assess 
the progress of the project compared with the planned progress; 
take the appropriate pressure action such as hiring new staff, 
using overtime, or adding shifts; among others.

Complexity Includes: activities that are highly interdependent, overlapping, 
and complex (in terms of the required skill); and considerable 
concurrency between engineering and execution; among others.

Inefficient 
coordination and 
communication

Failing to: have good coordination and communication between 
owner, engineer, and contractor; abide by the client’s progress
reporting demands and progress meetings; have a continuous 
review of the system definition and its required functionality; and 
have continuity in building information modeling (BIM) between 
the general contractor and the subcontractors; among others.

Deficiency in 
approval process

Includes: delay in the approval of changes; in replying to requests 
of information; or in replying to the contractor’s queries/requests 
in general; among others.

Lack of trust and 
motivation

Failing to have: mutual trust between and within the parties 
internally (owner payment to contractor, contractor delivery on 
time, owner payment to workers and engineers); and incentives to 
increase the motivation of the staff; among others.

Ripple effects of 
schedule pressure

Includes: prolonged working hours; fatigue and decline in 
morale; reduced productivity; and increased errors; among others.

Unproductivity of 
workforce

Includes: inappropriate productivity rate; among others.

Inadequate
constructability
reviews

Failing to have: the contractor involved in the design stage to 
ensure that the designed works are constructible with minimal 
interruptions and costs related to the construction method; and the 
end users involved in reviewing and revising the project 
specifications early on; among others.

Incompetent
resource
development

Failing to have: experienced and reliable staff; and training for 
inexperienced staff; among others.
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Table 3.1 Project risks impacting project performance. (Continued)

Inaccurate 
resource allocation

Failure to: allocate the available human resources to the tasks at 
hand, either engineering or execution; and accurately determine 
the needed human resources based on the project’s performance 
and the time remaining; among others.

Absenteeism and 
turnover

Includes: high rate of absenteeism and turnover; among others.

Workplace
congestion

Includes: use of more resources than what is required; and 
overmanning or overcrowding effect; among others.

Unsuitable 
overtime and 
added shifts

Failing to: use appropriate overtime and added shifts to make up 
for delayed progress or to accelerate work; among others.

Inferior
technology

Failing to: use advanced technology in engineering (three
dimensional modeling and BIM); execution (modern construction 
equipment and automated construction methods); or management 
(electronic integrate management systems); among others.

Rework in 
execution

Includes: mistakes discovered during the execution that need to 
be reworked; and any rework that is made due to intended 
changes in design and not necessary due to mistakes; among 
others.

Rework in design Includes: mistakes in design that require producing new drawings 
for already-made designs; and rework in drawings that are due to 
intended changes in design; among others.

Unreliability of 
quality assurance 
staff

Includes: delays by quality assurance staff to check and approve 
executed works; and high percentage of falsely approved 
erroneous works that are discovered later in the project; among 
others.

Out-of-sequence
work

Includes: work performed out of its intended logical sequence; 
among others.

Controlled change Includes: changes made intentionally by the parties, such as 
change orders, variations, and changes in construction sequence; 
among others.

Uncontrolled
change

Includes: changes made as a reaction to external risks, such as 
weather conditions, unforeseen site conditions, and market 
fluctuations; among others.

Low fabrication 
quality

Includes: errors in the fabricated items and the quality approval of 
such items; among others.
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Table 3.1 Project risks impacting project performance. (Continued).

Poor
communication 
with fabricators

Includes: delay in ordering and delivery time; and inappropriate 
communication with vendors and fabricators; among others.

Unsound financial 
estimating

Failing to: estimate the cost of change and the earned value at any 
point in time; and consider financial limitations with respect to 
managerial decisions; among others.

Unreasonable
budget
contingency

Failing to: have appropriate contingency amounts and 
maneuvering through the project costs; among others.

To collect reliable results, a unified scale for Pr and Im needed to be communicated 

to the respondents. As such, because this section of the dissertation utilizes data published 

by Construction Industry Institute (CII), the five-point Likert scale present in CII’s 

International Project Risk Assessment Implementation Resource (CII, 2013) was adopted 

in this section of the dissertation. This adoption reduces the subjectivity because the 

communicated Likert scale complies with objective and standard scaling methods 

embraced by practitioners in the construction industry. By doing so, it was possible to 

minimize the respondents’ biases associated with the possibility of having different 

understandings of the scale. The used scales for Pr and Im are presented in Table 3.2 and

3.3, respectively.

After collecting Pr and Im for each project risk and each respondent, the 

corresponding c was calculated by multiplying Pr and Im. Worth mentioning is that, 

although one of the limitations of the product between Pr and Im is that it cannot reflect 

possible correlations between different factors, this method is still of great value in 

reflecting the criticality or score of each risk factor. This criticality or score is reflected by
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its common use in the construction/project risk management field to assess, prioritize, and 

manage project risks. In fact, the Project Management Institute’s PMBOK guide (PMI, 

2017b) recommends this approach by stating that “where numeric values are used [for the 

probability and impact of risks], these can be multiplied to give a probability-impact score 

for each risk, which allows the relative priority of individual risks to be evaluated within 

each priority level.” Dikmen et al. (2018) also stressed this point as follows: “risk 

assessment based on probability-impact (P-I) ratings is the most widely used approach in 

project-based industries such as the construction industry.” In addition, Marle and Vidal 

(2016) stated that “the main output of risk analysis is prioritization of risks, often as a 

function of their criticality [with] criticality is often defined by the product of P 

[probability] and I [impact].” Based on the effectiveness of this method, many previous 

construction management studies provided exceptional knowledge and guidelines by 

calculating the risk score as the product between probability and impact; some of these 

efforts include Castro-Nova et al. (2018), Haider et al. (2016), Casanovas et al. (2014), 

Mostafavi et al. (2013), Russell et al. (2013), and Chan et al. (2011), among others.

Table 3.2 Used scale for Pr. Data from CII (2013).

Descriptions for communicated Pr Ranges for communicated Pr
1. Very low probability and occurs only in exceptional 
circumstances

<10% chance

2. Low chance and unlikely to occur in most 
circumstances

10% <chance<35%

3. Moderate chance and will occur in most 
circumstances

35% <chance<65%

4. High chance and will probably occur in most 
circumstances

65% <chance<90%

5. Very high chance and almost certain and expected to 
occur

90% or greater chance of 
occurrence

NA- Not applicable to this project NA
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Table 3.3 Used scale for Im. Data from CII (2013).

Descriptions for communicated Im Effect of communicated Im
1. Negligible and routine procedures 
sufficient to deal with consequences

5% < increase in cost or time

2. Minor and would threaten an element of 
the function

5% < increase in cost or time <10%

3. Moderate and would necessitate 
significant adjustment to overall function

10% < increase in cost or time <20%

4. Significant and would threaten goals and 
objectives; requires close management

20% < increase in cost or time <50%

5. Extreme and would stop achievement of 
functional goals and objectives

50% or greater increase in cost or time

3.5.2. Step 2: Fitting of Parametric Distribution Functions. This step provides 

the methodology followed for the normalization of data and the distribution fitting of the 

different project risks.

3.5.2.1. Normalization of data. Because both Pr and Im have a scale of 1-5, the 

scale for the calculated Cr for each project risk is 1 to 25. For a criticality ratio, the 

calculated Cr was normalized to a scale of [0, 1], which is equivalent to a scale of [0%, 

100%]. The Min-Max normalization technique was used because it transforms a variable 

into a range of [0, 1]; is suitable for variables with known bounds (minimum and 

maximum); and retains the original distribution of the variable (Jain et al., 2005; He et al., 

2010). Accordingly, the normalized Cr of each respondent was calculated using Equation 

(2).

N o r m a liz e d  Cr = Cri Crmin 
Crmax-C rmin

(2)
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where Cn = calculated Cr of respondent i on a scale of 1-25; Crmin = minimum possible 

value of Cr, which is 1; and Crmax = maximum possible value of Cr, which is 25. Worth 

noting is that, in this model, the average values of the normalized Cr for each project risk 

as calculated from the survey are referred to as “the reference point.”

Worth mentioning is that the Min-Max normalization technique does not use the 

respondents’ maximum and minimum values only. In fact, it uses each collected data point 

(irrespective of it being maximum or minimum), which is reflected by the Cri term in 

Equation (2). The minimum and maximum values are only used to normalize the obtained 

values from a 1 to 25 interval to a [0, 1] or [0%, 100%] interval. This use is also indicated 

from the fitted continuous distributions on the [0, 1] interval in subsequent subsections. 

For instance, for a collected Cri of 16 (which is neither the minimum value nor the 

maximum value) on the 1-25 scale, its corresponding normalized Cr using Equation (2) is 

(16-1)/(25-1)=(15/24)=0.625 on the [0, 1] scale.

3.5.2.2. Distributions fitting. Considering “Cr” as a continuous random variable 

with possible values denoted as “c” representing the criticality of each project risk, a 

distribution of “Cr” for each project risk is needed. Palisade statistical package was used 

to fit the normalized Cr to the appropriate continuous parametric distribution functions. 

This package allows fitting of continuous parametric distribution functions from a pool of 

possible distributions (Palisade, 2018). To assess the adequacy of the fitted distributions, 

the Anderson-Darling (AD) test was used because it (1) tests whether the data follow a 

specified distribution with a significant level (or p-value), (2) detects small variations of 

any one parameter between two distributions in a reliable manner; (3) identifies differences 

at the extreme ends of distributions in a reliable manner; and, (4) works well even for small
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sample sizes (Engmann and Cousineau, 2011). The most commonly used p-value of 0.05 

was adopted for the AD test (Andersson and Burberg, 2015). Because the p-value does not 

exist for all parametric distributions, the fitted parametric functions were assessed by 

starting with the distributions that best fit the data. Each distribution is assessed based on 

its p-value; if  the p-value does not exist, the next best-fit distribution is assessed and so on 

until a satisfactory p-value is observed. Once a satisfactory p-value is reached, the 

previously assessed distributions are reconsidered only if no p-value was observed for these 

distributions. In the event that no satisfactory p-values are observed, nonparametric 

distribution fitting was used. The followed methodology is provided in Figure 3.1.

Collect the Probability of 
occurrence (Pr) and the impact 

(Im) per respondent for each 
project risk on a (1-5) scale

Calculate the criticality (Cr) per 
respondent for each project risk: 
Cr = (Pr)*(lm ) on a (1-25) scale

distribution functions for each +  

project risk
statistical test on the fitted 

distributions
Normalize C rto  a (0-1) range

P-value for 
the best fit 
distribution

Next fit 
distribution 
available?

Need non-param etric
fitted distributionsPrevious

distribution
available?

P-value

Use the 
current

distribution

P-value of 
previous

distribution

S te p  1: C o lle c tio n  o f Data

Perform Anderson-D arling bit parametric continuous

S te p  2: F ittin g  o f p a ram e tric
d is tr ib u t io n  fu n c t io n s

Figure 3.1 Followed methodology to fit parametric distributions.
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After fitting the parametric distributions, it is important to make sure that the fitted 

distributions effectively model Cr in the [0, 1] range. As such, the fitted distributions with 

possible values outside the [0, 1] interval need to be truncated because Cr cannot take 

values outside this range. Accordingly, the fitted parametric distributions were truncated 

using Equation (3).

( f(c )

T ( C)  =  { [-f  f(c)dc] k 

{  0

for k<c< l 

otherwise
(3)

where f(c) = fitted parametric distribution without truncation and T(c) = truncated 

distribution over the interval [k; l] £  [0; 1]. This approach is important to ensure proper 

boundary conditions for the model (having values in the [0, 1] interval). To be noted is that 

the parameters of the fitted distributions are estimated with a confidence interval of 95%, 

indicating that the true parameters of the distributions are calculated with a 95% certainty.

3.5.3. Step 3: Fitting of Nonparametric Distribution Functions. Historically, 

polynomial models are considered to be one of the most used empirical techniques for 

fitting functions (NIST/SEMATECH, 2018). Polynomial functions are effective because 

they (1) are useful when a distribution must be fitted empirically; (2) are very flexible with 

different data structures; (3) can represent complicated functions; (4) possess well 

understood and known properties; and (5) are computationally easy to use 

(NIST/SEMATECH, 2018). As such, polynomial functions were used to fit the 

distributions that could not be fitted using the procedure indicated in step 2 and Figure 3.1.
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For any function to carry the attributes of a continuous distribution, the following 

properties are needed: (1) the function should be nonnegative over the entire data range; 

(2) the function should be continuous over the entire data range; and (3) the integral of the 

function should equal 1 over the entire data range—known as the unity property. The 

followed methodology first attempted to fit a single polynomial function with the previous 

properties over the entire data range. If a single polynomial function was not able to 

represent the entire data range, the data range was divided into two parts, and one 

polynomial function was fitted for each range (that is, a total of two polynomials). In this 

section of the dissertation, the first polynomial is labeled as f(c), and the second one as 

g(c). In such cases, one split point was needed to divide the data range into two parts. In 

this section of the dissertation, this split point was labeled Q and was selected such as f(Q) 

= g(Q) (Figure 3.2).

Figure 3.2 Fitting polynomial distributions by splitting the data range into two intervals.
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The respective cumulative functions of f(c) and g(c) were labeled F(c) and G(c), 

respectively. To be noted is that the cumulative distribution functions rather than the 

probability distribution functions are relative to the developed model. As such, the 

derivation of the equations underlying the model is based on cumulative distribution 

functions calculated by integrating the probability density functions.

The first property of distribution functions was satisfied by selecting the 

polynomials that are greater than or equal to zero over the [0, 1] interval of the Cr. The 

second property of distribution functions was satisfied by having F(Q) = G(Q) to preserve 

continuity. The value of the best-fitted cumulative parametric distribution function at Q 

was used and is donated as n in this section of the dissertation. The third property of 

distribution functions was satisfied using Equation (4) and (5).

F(c) =  ~̂a(c)dc .p over the [0, ft] inerval (4)
J0 a(c)dc

/  b (c)d c-[J  b(c)dc]ft
G (c) =  ------- ~i--------------- 0 . ( 1  — n )  +  n  o v e r  t h e  ] f t ,  1] i n te r v a l

Jn b (c)dc
(5)

where Q = cut point that divides the entire [0, 1] data interval into two intervals [0, Q] and 

[Q, 1]; a(c) = fitted polynomial distribution function without the unity property over the 

interval [0, Q]; F(c) = fitted cumulative polynomial distribution function over the interval 

[0, Q]; b(c) = fitted polynomial distribution function without the unity property over the 

interval [Q, 1]; G(c) = fitted cumulative polynomial distribution function over the interval
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[Q,1]; and n = value of the best fitted cumulative parametric distribution function assessed 

at the Q data point. The inclusion of n ensures the continuity property of the cumulative 

distribution functions, that is, having F(Q) = G(Q).

In the event in which one polynomial function was able to be fitted for the entire 

data range, Equation (6), which is a modified version of Equation (4), is used to ensure the 

unity property of the fitted distribution, where a(c) denotes the fitted polynomial 

distribution function without the unity property over the entire [0, 1] data interval. Figure 

3.3 shows a summary of the methodology for the aforementioned process.

F(c) =  / 1a (c )d r over the [0,1] interval
J0 a ( c) dr

(6)

Does it exist single 
function a(c) > 0 
for the entire data

Need non-parametric
fitted distributions: 

polynomial functions

Two functions are needed to fit the 
entire data range

Fit two functions a(c) and b(c) such as:

1) a(c)> 0 for data range [0, Q] toSelect a(c) 
and b(c) 2) b(c) > 0 for data range ]Q, 1] to

Normalize the selected functions using 
Equation 4 for a(c) and Equation 5 for b(c) to

Use the normalized cumulative 
distribution function(s): F(c) and 

G(c) (if applicable)
Normalize a(c) using Equation 6 to satisfy the

satisfy the non-negative property [0, Q] and ]Q; 1]

satisfy the non-negative property

satisfy the unity and continuity properties

unity property

Figure 3.3 Followed methodology to fit non-parametric polynomial distributions.
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3.5.4. Step 4: Calculation of Cost and Schedule Overruns. This step provides 

the methodology followed for the distributions fitting of cost and schedule overruns as well 

as for calculating the individual weights of the different project risks.

3.5.4.1. Fitting distributions for cost and schedule overruns. Considering the 

cost overrun as a continuous random variable denoted as “co” and the schedule overrun as 

a continuous random variable denoted as “so”, fitting distribution functions for these two 

project performance indicators is crucial. However, to predict project performance, having 

reliable data on the cost and schedule overruns of past projects is essential. To this end, 

this section of the dissertation relies on the data published by CII in the Construction 

Owners Association of Alberta (COAA) major projects benchmarking summary report 

(CII, 2009). Worth noting is that CII’s COAA publication includes a comparison between 

projects in Alberta and the United States on many aspects, such as project size, contingency 

budget, cost and schedule performance, change cost factor, and engineering productivity, 

among others. For the scope of this section of the dissertation, the used data is that of the 

US-related data proclaimed in CII’s COAA publication for projects’ cost and schedule 

growths, respectively (CII, 2009, p. 34). The reason for choosing this data source is that it 

is reliable, recent, based on real US projects, and contains the information needed to 

develop the model. The published data includes two box-and-whisker diagrams for 

industrial US projects that illustrate the cost and schedule overruns, respectively. The data 

present in the report allows to fit distribution functions for both the cost and schedule 

overruns of US industrial projects. A sample box-and-whisker plot is depicted in Figure 

3.4 to better visualize the format of the data present in the CII’s publication.
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Figure 3.4 Sample box and whisker plot.

To this end, some distribution functions have flexibility, making it possible to fit 

them to a known set of data points whereas others do not possess this aspect, making them 

unable to be used to fit known data points. As such, this section of the dissertation explored 

possible distribution functions that possess the flexibility property (Clemen and Reilly, 

2013) to fit distributions for cost and schedule overruns. The investigated distribution 

functions are beta general, beta, triangular, exponential, and normal. Compared with others, 

these functions allow the fitting of distributions based on data points (such as mean, 

median, Q1, and Q3, among others) rather than the entire dataset.

3.5.4.2. Calculation of project risk weights and performance prediction. The 

weights for the individual project risks were calculated using Equation (7), based on Cr’s 

reference point. Equation (7) is simply a weighted average equation (individual criticality 

over the sum of criticalities of all project risks).

W i =
Cri

Si=?5 Cri
(7)

where Wi = weight for project risk i and Crt = average criticality for project risk i.
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T h e  w e ig h ts  c a lc u la te d  u s in g  E q u a tio n  (7 )  c o u ld  b e  u s e d  as a  b a s e lin e  to  p re d ic t  th e  

c o s t  a n d  sc h e d u le  o v e rru n s ; h o w e v e r , p ro je c t  a d m in is tra to rs  c o u ld  a s s ig n  d if fe re n t  w e ig h ts  

th a n  th o se  o b ta in e d  ( in  th e  c a se  o f  c o rre la tio n s  b e tw e e n  th e  d if fe re n t  p ro je c t  r isk s )  i f  

e n o u g h  in fo rm a tio n  is  a v a ila b le  fo r  th e  q u a n tif ic a tio n  o f  th e  in d iv id u a l c o n tr ib u tio n  o f  e a c h  

p ro je c t  r is k  to w a rd  p ro je c t  p e rfo rm a n c e . In  su c h  c a se s , p ro je c t  a d m in is tra to rs  sh o u ld  e n su re  

th a t  th e  su m  o f  th e  a s s ig n e d  in d iv id u a l w e ig h ts  e q u a ls  1.

T o  p re d ic t  c o s t  a n d  sc h e d u le  o v e rru n s , th e  fo llo w in g  m e th o d o lo g y  is  fo llo w e d : (1 ) 

c o m p u te  w  =  £ -=15 W i * F t (  c )  w h e re  F i(c) =  v a lu e  o f  th e  f i t te d  c u m u la tiv e  d is tr ib u tio n  

fu n c tio n  fo r  p ro je c t  r is k  i  e v a lu a te d  a t p o in t c  s p e c if ie d  b y  th e  p ro je c t  a d m in is tra to rs  fo r  

p ro je c t  r is k  i ; (2 )  re tr ie v in g  th e  v a lu e  o f  th e  c o s t a n d  sc h e d u le  o v e rru n s  su c h  th a t  F (c o )  =  

ro a n d  F (s o )  =  ro, w h e re  F (c o )  =  f i t te d  d is tr ib u tio n  fo r  th e  c o s t  o v e rru n  a n d  F (so )  =  f it te d  

d is tr ib u tio n  fo r  th e  s c h e d u le  o v e rru n .

3.5.5. Step 5: Model Verification. M o d e l v e r if ic a tio n  is c ru c ia l b e c a u s e  i t  h e lp s  

u n c o v e r  p o s s ib le  e rro rs  in  th e  d e v e lo p e d  m o d e l a n d  te s t  th e  su ita b ility  o f  th e  m o d e l f o r  its  

in te n d e d  p u rp o se . A s  su ch , an y  c re a te d  m o d e l sh o u ld  b e  v e r if ie d  to  e n su re  th a t  i t  is  a  so u n d  

b a s is  fo r  d e c is io n  m a k in g . F o r  an y  d e v e lo p e d  m o d e l to  b e  ro b u s t, i t  is  im p o r ta n t  th a t  it  

b e h a v e s  s im ila r ly  to  th e  rea l sy s te m  (S te rm a n , 2 0 0 0 ). T o  th is  en d , th e  e x tre m e  c o n d itio n  

a n d  su rp r ise  b e h a v io r  te s ts  w e re  u s e d  to  v e r ify  th e  d e v e lo p e d  m o d e l.

3.5.6. Step 6: Guidelines for Using the Developed Model in Industry Practice. 

T h is  se c tio n  o f  th e  d is s e r ta t io n  p re s e n ts  g u id e lin e s  fo r  th e  ac tu a l in d u s try  u s a g e  o f  th e  

d e v e lo p e d  m o d e l. T h e  n e e d e d  s te p s  th a t  u s e rs  sh o u ld  fo llo w  to  e a se  th e  m o d e l’s 

im p le m e n ta t io n  a re  d e p ic te d  in  th e  n e x t  su b se c tio n s . In  o th e r  w o rd s , th e  su m m a riz e d
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procedure that project administrators or users of the developed model use to predict cost 

and schedule overruns is presented in later subsections.

3.5.7. Step 7: Model Application. A hypothetical dataset was used to present the 

potential of the developed model by demonstrating its applied use by industry practitioners 

as well as its ability to induce behavior patterns. This is performed in two different cases 

by generating random values for criticality and assessing the corresponding cost and 

schedule overruns. In Case 1, the odd-numbered project risks are assigned random numbers 

between 0.5 and 1 (high criticality), and the even-numbered ones are assigned random 

numbers between 0 and 0.5 (low criticality). In Case 2, the same criticality values from 

Case 1 are used but in a flipped manner in which the odd-numbered risks take the criticality 

values of the even-numbered risks and vice versa. In each of the two cases, the cost and 

schedule overruns are calculated. In theory, although the overall average criticality of risks 

in Case 1 and Case 2 is the same, the difference in the forecasted overruns (schedule and 

cost) from one case to another is hypothesized by the model being sensitive to each project 

risk. This provides a better understanding of how the project performance reacts to changes 

in the evaluated criticalities of the project risks. In addition, a sensitivity analysis is 

performed to investigate how project performance changes with criticality.

3.6. COLLECTED DATA

This subsection provides all the information that is pertinent to the collected data.

3.6.1. Respondents’ Demographics. The model was developed using an entire 

dataset collected from a total of 63 respondents (out of 196 targeted professionals) who 

represent the following major professions in the construction industry: owners (28 out of
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63), consultants (12 out of 63), and contractors (23 out of 63). This was equivalent to a 

response rate of 32.14%. The average experience of the respondents is 24.3 years, and 

approximately 79% of the respondents have more than 10 years of experience. In addition, 

13 respondents have less than 10 years of experience, with the majority (50.79%) having 

more than 20 years of experience. Moreover, most respondents are senior project managers 

and construction managers for industrial projects. The aforementioned characteristics of 

the respondents reflect that the responses are considered to provide well-rounded data that 

could reliably represent the construction industry in the United States.

To investigate whether the collected data from the respondents could be considered 

a representative sample that could be used as a good basis for the developed model, 

studying the sufficiency of the targeted sample size and the received response rate is 

crucial.

3.6.2. Determination of Sufficient Targeted Sample Size. According to Belafi 

et al. (2018), “From a statistical point of view, sample size should be based on the 

confidence interval and confidence level needed to achieve reliable results.” As such, 

Dillman’s (2011) commonly used statistical equations in the field of construction 

management research were used. These equations utilize confidence intervals and levels 

and are used in this section of the dissertation to study the sufficiency of the targeted sample 

size, as presented in Equation (8). Equation (8) was used in many previous construction 

management studies to determine the sufficiency of the survey’s sample size, including the 

work of Wei et al. (2016), Choudhry and Zahoor (2016), Rasul et al. (2019), Belafi et al. 

(2018), and Zeb et al. (2015), among others.
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M _  (N p) ( p ) ( 1 - p )
N s — --------------- 2---------------

(N p- 1 ) ( B)  + ( p ) ( 1 -p )
(8)

where Ns = needed sample size (to be determined); p  = population proportion [set at the 

most conservative value of 0.5 (Dillman, 2011)]; B  = chosen sampling error corresponding 

to a confidence interval; C  = Z-statistic associated with the chosen confidence level; and 

Np = total population [equal to 352 (CII, 2009) but, to be more conservative, the next value 

of 400 present in statistical reference tables was used (Table 3.4)].

Table 3.4 Statistical reference table for sample size calculation. Data from Dillman 
(2011); Bartlett et al. (2001); and Taherdoost (2017).

Population size Sample size for 95% confidence and 5% sampling error
50 44
75 63

100 80
200 132
300 169
400 196
600 234
800 260

1,000 278

Whereas some previous studies employed a sampling error of 10% as a confidence 

interval (Choudhry et al., 2012; ElZomor et al., 2018; Assaf et al., 2017), this section of 

the dissertation uses a better and more conservative sample error of 5% (B = 0.05) “which 

is considered to be an acceptable margin” (Sunindijo and Kamardeen, 2017). In addition, 

although some previous research utilized a confidence level of 90% (El-Hoteiby et al., 

2017; ElZomor et al., 2018), this section of the dissertation uses the commonly acceptable
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confidence level of 95% (C = 1.96) (Dillman, 2011; Choudhry et al., 2012). To this end, 

applying Equation (8) yields a conservative targeted sample size of 196, or it could be 

retrieved from Table 3.4 or calculated using online calculators, such as Qualtrics (2019) 

and Creative Research Systems (2019). Accordingly, this section of the dissertation utilizes 

a sufficient targeted sample size of 196 respondents, indicating that it could be used as a 

basis to develop the model.

3.6.3. Sufficiency of the Response Rate. Both statistical techniques and an 

empirical examination of previous studies in the construction industry were used to 

investigate the sufficiency of the collected data from the 63 respondents.

3.6.3.I. Statistical verification. According to the common research methods 

applied in construction as provided by Fellows and Liu (2015), the minimum number of 

respondents that would result in meaningful findings is calculated using Equation (9). 

Equation (9) was first introduced by Cochran (1977) and used in many previous 

construction management research studies, including the work of Sunindijo and 

Kamardeen (2017), Pereira et al. (2018), and Srour et al. (2017), among others.

n = (t2)(s2)
(e2)

(9)

where n = number of respondents (to be determined); t = Z-statistic corresponding to the 

chosen significant value a ; s = estimate of variance deviation for the scale used for data 

collection, which is calculated by dividing the inclusive range of the scale by the number 

of standard deviations that include almost all possible values in the range; and e = number 

of points on the primary scale multiplied by the acceptable margin of error.
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For a commonly used significance of 95% (or a  value of 0.05) (Pereira et al., 2018; 

Kamali and Hewage, 2017), the corresponding value of t is 1.96. For a five-point Likert 

scale, some references take s to equal 5/6 (Fellows and Liu, 2015; Randiwela and 

Wijayaratne, 2017), whereas other references take s to equal 5/4 (Hatamleh et al., 2018; 

Ogaji et al., 2018). As such, both values were considered in the calculations. In addition, 

using the common value of a 5% margin of error (Pereira et al., 2018; Kamali and Hewage, 

2017), the value of e is equal to (5) by (0.05), where 5 is the number of points on the used 

Likert scale and 0.05 is the margin of error.

Accordingly, for an s of 5/4, the calculated minimum number of respondents using 

Equation (9) is 96, and for for an s of 5/6, the calculated minimum number of respondents 

is 43. To this end, from a statistical perspective, the collected data from the 63 respondents 

is considered sufficient because it lies between 43 and 96; however, empirical verification 

is still needed to better support the sufficiency of the sample size as provided in the next 

subsection.

3.6.3.2. Empirical verification. Because the construction industry is known to 

have a lack of participation in questionnaires (Cheong Yong and Emma Mustaffa, 2012; 

Wu et al., 2015), many studies highlighted a commonly used or acceptable response rate 

for survey-based construction research work. According to Fellows and Liu (2015), the 

expected useable response rate is between 25% and 35% in the construction research 

because “survey techniques, such as questionnaires, interviews and so on, are highly labour 

intensive on the part of respondents and, particularly, on the part of the researcher.” In 

addition, surveys conducted via the Internet are likely to have lower response rates 

(Manfreda et al., 2008). According to Akintoye (2000), the most commonly used response
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ra te  in  c o n s tru c tio n  re s e a rc h  in v o lv in g  su rv e y s  is  in  th e  2 0 % -3 0 %  ran g e . F u r th e r , th is  

ra n g e  w a s  s tre s se d  b y  o th e r  s tu d ie s  (L iu  e t a l., 2 0 1 6 b ; H w a n g  e t a l., 2 0 1 5 ). M o re o v e r , R y a l-  

N e t  a n d  K a d u m a  (2 0 1 5 )  p ro v id e d  th a t  3 0 %  is  an  a c c e p ta b le  re s p o n s e  ra te  in  c o n s tru c tio n  

s tu d ie s . F u r th e r , Y a te s  (2 0 1 4 )  p ro v id e d  th a t  th e  a v e ra g e  re s p o n s e  ra te  is  2 7 % . In  a d d itio n , 

a c c o rd in g  to  T a n  e t al. (2 0 1 4 ), th e  n o rm a l re s e a rc h  su rv e y  ra te  in  th e  c o n s tru c tio n  in d u s try  

is  c o n s id e re d  to  b e  b e tw e e n  10%  a n d  2 0 % . T o  th is  en d , th e  o b ta in e d  3 2 .1 4 %  re sp o n se  ra te  

is  c o n s id e re d  a c c e p ta b le  b e c a u s e  i t  fa lls  w ith in  th e  c o m m o n ly  u s e d  re sp o n se  ra te  in  su rv e y -  

b a s e d  c o n s tru c tio n  re s e a rc h  s tu d ie s .

T o  p ro v id e  a d d itio n a l in s ig h ts  in to  th e  v a lid ity  a n d  su ff ic ie n c y  o f  th e  o b ta in e d  

re sp o n se  ra te  b a s e d  o n  th e  63 re sp o n d e n ts , th e  r e s p o n s e  ra te  in  th is  se c tio n  o f  th e  

d is s e r ta tio n  w a s  c o m p a re d  to  s im ila r  p re v io u s  c o n s tru c tio n  m a n a g e m e n t e ffo r ts  th a t  

s tu d ie d  o r  p re d ic te d  th e  p e rfo rm a n c e  o f  c o n s tru c tio n  p ro je c ts . F o r  in s ta n c e , K a r im i e t al. 

(2 0 1 8 )  m o d e le d  a n d  e lu c id a te d  th e  in f lu e n c e  o f  sk il le d  la b o r  a v a ila b ility  o n  c o n s tru c tio n  

c o s t  p e rfo rm a n c e  b a s e d  o n  d a ta  c o lle c te d  o n  in d u s tr ia l  p ro je c ts  in  th e  U n ite d  S ta te s  an d  

C a n a d a  w ith  a  re sp o n se  ra te  o f  3 0 % . Y a te s  (2 0 1 4 )  in v e s t ig a te d  th e  im p a c t  o f  th e  u t i l iz a tio n  

o f  s u s ta in a b le  p ra c tic e s  o n  th e  p e rfo rm a n c e  o f  in d u s tr ia l  c o n s tru c tio n  p ro je c ts  in  th e  d e s ig n  

a n d  c o n s tru c tio n  p h a s e s  w ith  a  r e s p o n s e  ra te  o f  13 .5% . O h  e t al. (2 0 1 6 )  s tu d ie d  th e  im p a c t  

o f  th e  f ro n t-e n d  p la n n in g  p ro c e s s  o n  c o n s tru c tio n  in p u t th a t  is  in te g ra te d  a f te r  th e  

c o m p le tio n  o f  th e  d e s ig n  s ta g e  o f  p ro je c ts  w ith  th e  h ig h e s t  re s p o n s e  ra te  o f  3 1 .6 5 % , fo r  

w h ic h  m o s t  o f  th e  re s p o n d e n ts  h a d  e x p e rie n c e s  in  in d u s tr ia l  p ro je c ts . S ad afi e t al. (2 0 1 2 )  

su rv e y e d  e x p e rts  in  in d u s tr ia l  b u ild in g  sy s te m s  to  e x p lo re  th e  a d a p ta b il i ty  o f  in d u s tr ia l  

c o m p o n e n ts  a n d  th e ir  re la te d  is su e s  to  s u g g e s t im p ro v e m e n ts  fo r  th e  c o n s tru c tio n  in d u s try  

u s in g  a  v a lid  r e s p o n s e  ra te  o f  2 0 % . L in g  e t al. (2 0 0 8 )  d e v e lo p e d  m o d e ls  to  p re d ic t  p ro je c t
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performance based on project management practices with a response rate of 17%. Chen 

and Manley (2014) measured the performance and governance of collaborative projects 

based on identified key mechanisms with an overall response rate of 19.0%. Liu et al. 

(2016a) studied the key factors that affect project success under different project delivery 

systems based on the contractor’s characteristics with a response rate of 32.02%. Cheong 

Yong and Emma Mustaffa (2012) studied the principal factors that determine the success 

of construction projects and established their relative importance with a response rate of 

31.1%. Tabish and Jha (2018) studied the performance of public construction projects and 

how it is influenced by the compliance of norms, which are composed from transparency- 

and audit-related variables with a response rate of 12.92%. To this end, the obtained 

32.14% response rate is considered acceptable because it falls within the commonly used 

response rate in previous similar survey-based construction research that studied or 

predicted the performance of construction projects in general and industrial ones in 

specific.

3.7. FITTING OF DISTRIBUTION AND CALCULATION OF WEIGHTS

This subsection provides the obtained results related to fitting parametric and 

nonparametric distribution functions.

3.7.1. Data Normalization. After calculating Cr over a (1-25) interval for each 

respondent, 63 normalized criticalities per project risk were calculated using Equation (2). 

As such, the empirical distributions (the collected data) of the normalized criticalities are 

presented in Figure 3.5.
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3.7.2. Parametric and Nonparametric Distributions Fitting. F o llo w in g  th e  

m e th o d o lo g y  d e p ic te d  p re v io u s ly  in  F ig u re  3 .1 , 2 2  o u t o f  th e  25  p ro je c t  r isk s  w e re  f it te d  

u s in g  p a ra m e tr ic  d is tr ib u tio n s . T h e  th re e  o th e r  p ro je c t  r isk s  w e re  f i t te d  u s in g  

n o n p a ra m e tr ic  fu n c tio n s . T h e  f i t te d  d is tr ib u tio n s  o f  C r  fo r  e a c h  o f  th e  r isk s  a re  p re s e n te d  

in  T a b le  3 .5 .

T a b le  3 .5  F itte d  d is tr ib u tio n s  fo r  C r  fo r  e a c h  p ro je c t  risk .

P ro je c t  r isk D is tr ib u tio n  fo r  C r
U n re a lis tic  s c h e d u lin g U n ifo rm
In a p p ro p r ia te  s c h e d u le  p re s s u re U n ifo rm
In e f f ic ie n t  c o o rd in a tio n  an d  
c o m m u n ic a tio n

L o g lo g is t ic

D e f ic ie n c y  o f  a p p ro v a l p ro c e s s K u m a ra s w a m y
L a c k  o f  t ru s t  a n d  m o tiv a tio n P e r t
U n p ro d u c tiv i ty  o f  w o rk fo rc e F re c h e t
In a d e q u a te  c o n s tru c ta b il i ty  re v ie w s T ria n g u la r
In c o m p e te n t  r e s o u rc e  d e v e lo p m e n t D a g u m
In a c c u ra te  re s o u rc e  a llo c a tio n D a g u m
A b s e n te e ism  a n d  tu rn o v e r: B e ta  g e n e ra l
W o rk p la c e  c o n g e s tio n P e a rs o n  ty p e  V
U n s u ita b le  o v e rtim e  a n d  a d d e d  sh if ts U n ifo rm
In fe r io r  te c h n o lo g y D a g u m
R e w o rk  in  e x e c u tio n L o g lo g is t ic
R e w o rk  in  d e s ig n P e r t
U n re lia b il i ty  o f  q u a lity  a s su ra n c e  s ta f f D a g u m
C o n tro lle d  c h a n g e D a g u m
U n c o n tro lle d  c h a n g e F a tig u e  life
L o w  fa b r ic a t io n  q u a lity F a tig u e  life
P o o r  c o m m u n ic a tio n  w ith  fa b r ic a to rs E x tre m e  v a lu e
U n s o u n d  f in a n c ia l  e s tim a tin g R a y le ig h
U n re a so n a b le  b u d g e t  c o n tin g e n c y D a g u m
C o m p le x ity “ n o n p a ra m e tr ic  d is tr ib u tio n ”
R ip p le  e ffe c ts  o f  sc h e d u le  p re s s u re “ n o n p a ra m e tr ic  d is tr ib u tio n ”
O u t-o f-s e q u e n c e  w o rk “ n o n p a ra m e tr ic  d is tr ib u tio n ”
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A s o b se rv e d  in  T a b le  3 .5 , th e  v a r io u s  p ro je c t  r isk s  h a v e  d if fe re n t  d is tr ib u tio n s  th a t  

re f le c t  th e ir  d is t in c t  im p a c ts  o n  p ro je c t  p e rfo rm a n c e . In  a d d itio n , so m e  re la te d  p ro je c t  r isk s  

h a d  s im ila r  d is tr ib u tio n s  b u t  w ith  d if fe re n t  d is tr ib u tio n  p a ra m e te rs . F o r  in s ta n c e , th e  

u n re a lis t ic  s c h e d u lin g  a n d  in a p p ro p r ia te  s c h e d u le  p re s s u re  p ro je c t  r isk s , w h ic h  a re  re la te d  

d ire c tly  to  th e  w o rk  sc h ed u le , b o th  fo llo w  th e  u n ifo rm  d is tr ib u tio n . S im ila r ly , th e  

in c o m p e te n t  re s o u rc e  d e v e lo p m e n t a n d  in a c c u ra te  re s o u rc e  a llo c a tio n  p ro je c t  r isk s , w h ic h  

a re  re la te d  to  th e  m a n a g e m e n t o f  p ro je c t  re so u rc e s , fo llo w  th e  D a g u m  d is tr ib u tio n . T h e  

D a g u m  d is tr ib u tio n  is  a  c o n tin u o u s  fu n c tio n  d e f in e d  o v e r  p o s it iv e  rea l n u m b e rs  a n d  is 

u se fu l in  m a n y  a c tu a ria l  s ta tis t ic s  o r  r is k  m a n a g e m e n t (P a lisa d e , 2 0 1 8 ) . O th e r  d is tr ib u tio n s  

in c lu d e  th e  K u m a ra s w a m y  d is tr ib u tio n , w h ic h  is  a  c o n tin u o u s  d is tr ib u tio n  u s e d  f o r  lo w e r  

a n d  u p p e r  b o u n d e d  v a r ia b le s , th a t  c o u ld  b e  u s e d  o n  th e  [0 , 1] in te rv a l, a n d  is  s im ila r  to  th e  

B e ta  d is tr ib u tio n  b u t  m u c h  s im p le r  to  im p le m e n t in  s im u la tio n  s tu d ie s . A d d itio n a l 

d is tr ib u tio n s  in c lu d e d  th e  P e r t  d is tr ib u tio n , w h ic h  is  a  c o n tin u o u s  fu n c tio n  w ith  a  c u rv e d  

d e n s ity  th a t  is  a  sp e c ia l c a se  o f  th e  B e ta  G e n e ra l d is tr ib u tio n  (P a lisa d e , 2 0 1 8 )  a n d  is  w id e ly  

u s e d  in  r is k  a n a ly s is  (P M I, 2 0 1 3 ) . A c c o rd in g ly , th e  f i t te d  d is tr ib u tio n s  p re s e n t  in  T a b le  3.5  

a re  u s e d  in  r is k  m a n a g e m e n t to  m o d e l u n c e r ta in t ie s  a n d  c o m p le x itie s . T h e  c u m u la tiv e  

d is tr ib u tio n  fu n c tio n s  o f  e a c h  o f  th e  25  p ro je c t  r isk s  a f te r  t ru n c a tio n  a re  p re s e n te d  in  

E q u a tio n  (B 1 ) to  (B 2 5 )  p ro v id e d  in  A p p e n d ix  B  (th e  se q u e n c e  o f  th e s e  e q u a tio n s  as  re la te d  

to  e a c h  o n e  o f  th e  25  p ro je c t  r isk s  is  th e  sa m e  as th e  s e q u e n c e  o f  p ro je c t  r isk s  sh o w n  in  

T a b le  3 .5 ), a n d  th e  g ra p h s  o f  e a c h  o f  th e  f i t te d  d is tr ib u tio n s  a re  p re s e n te d  in  F ig u re  3 .6 . I t  

is  to  b e  n o te d  th a t  th e  g ra p h s  sh o w n  in  F ig u re  3 .6  a im  to  a c t as a  q u ic k  re fe re n c e  fo r  

p ra c tit io n e rs  th a t  w ill  b e  u s in g  th e  d e v e lo p e d  m o d e l, so  th a t  i t  w o u ld  b e  e a s ie r  to  c a lc u la te  

th e  25  d if fe re n t  v a lu e s  o f  F (c )  (ea c h  c o rre s p o n d in g  to  e a c h  o n e  o f  th e  25  p ro je c t  r isk s).
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T h e  d if fe re n t b e h a v io rs  o f  th e  c u m u la tiv e  d is tr ib u tio n  fu n c tio n s  re f le c t  th a t  

d if fe re n t  p ro je c t  r isk s  h a v e  d if fe re n t  im p a c ts  o n  p ro je c t  p e rfo rm a n c e . T h e  ra te  o f  in c re a se  

( th a t  is, th e  s lo p e )  o f  th e  c u m u la tiv e  fu n c tio n  is  o n e  o f  th e  in d ic a tio n s  o f  th e  c r i t ic a li ty  o f  

th e  p ro je c t  r is k  to w a rd  p ro je c t  p e rfo rm a n c e . A  s te e p  c u m u la tiv e  d is tr ib u tio n  cu rv e  

in d ic a te s  th a t, f o r  sm a ll c h a n g e s  in  th e  c rit ic a li ty  v a lu e  o f  th e  p ro je c t  r isk , th e  im p a c t  o f  

su c h  a  c h a n g e  is  h ig h e r  o n  p ro je c t  p e rfo rm a n c e  in  te rm s  o f  c o s t  a n d  sc h e d u le  o v e rru n s . 

O n e  o th e r  in d ic a tio n  fo r  th e  im p a c t  o f  p ro je c t  r is k  is  th e  in d iv id u a l w e ig h t  o f  e a c h  p ro je c t  

r is k  o n  p ro je c t  p e rfo rm a n c e . T h e  in d iv id u a l w e ig h ts  fo r  th e  25  p ro je c t  r isk s  a re  p re se n te d  

in  th e  n e x t  su b se c tio n . A d d itio n a lly , as T a b le  3 .5  in d ic a te s , th e  p ro je c t  r isk s  th a t  c o u ld  n o t 

b e  f i t te d  u s in g  p a ra m e tr ic  d is tr ib u tio n  fu n c tio n s  a re  c o m p le x ity , r ip p le  e ffe c ts  o f  s c h e d u le  

p re s su re , a n d  o u t-o f -s e q u e n c e  w o rk . T h e se  p ro je c t  r isk s  sh a re  c o m m o n  a sp e c ts  b e tw e e n  

th e m : th e y  a re  v e ry  c o m p le x  in  n a tu re , a n d  th e ir  im p a c ts  a re  q u a n tif ie d  o n ly  a f te r  th e ir  

o c c u rre n c e  an d , th u s , d if f ic u lt  to  p re d ic t  in s ta n tly . B e c a u s e  th e  c u m u la tiv e  d is tr ib u tio n  

fu n c tio n s  o f  th e s e  p ro je c t  r isk s  w e re  f i t te d  u s in g  n o n p a ra m e tr ic  d is tr ib u tio n  fu n c tio n s , th e  

c u rv e s  o f  th e s e  p ro je c t  r isk s  (F ig u re  3 .6 )  in d ic a te  m a n y  c u rv a tu re s  th a t  re f le c t  th e ir  

c o m p le x  n a tu re . N e v e r th e le s s , th e  f i t te d  c u m u la tiv e  d is tr ib u tio n  fu n c tio n s  a re  s tr ic tly  

in c re a s in g  f ro m  0 to  1 o v e r  th e  [0, 1] in te rv a l a n d  a re  c o n tin u o u s  o v e r  th e  sa m e  in te rv a l. 

T h is  r e s u lt  in d ic a te s  th a t  th e  f it te d  fu n c tio n s  p o s se s s  th e  p ro p e r t ie s  o f  c u m u la tiv e  

d is tr ib u tio n  fu n c tio n s  an d , th u s , c o u ld  b e  a d o p te d  to  p re d ic t  th e  im p a c t  o f  th e s e  p ro je c t  

r isk s  o n  p ro je c t  p e rfo rm a n c e .

3.7.3. Cost and Schedule Overruns Distributions Fitting. U s in g  th e  d a ta  

p u b lis h e d  b y  C II  in  th e  C O A A  m a jo r  p ro je c ts  b e n c h m a rk in g  su m m a ry  re p o r t  (C II, 2 0 0 9 ) , 

th e  re le v a n t  d a ta  p o in ts  w e re  e x tra c te d  f ro m  th e  c o s t  a n d  sc h e d u le  o v e rru n s  fo r  in d u s tr ia l
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p ro je c ts  in  th e  U n ite d  S ta tes . T h e  re tr ie v e d  d a ta  fo r  th e  c o s t  o v e rru n  c o rre s p o n d s  to  3 5 2  

U S  p ro je c ts , a n d  th a t  o f  th e  s c h e d u le  o v e rru n  c o rre s p o n d s  to  3 3 8  U S  p ro je c ts . A f te r  f it tin g  

d is tr ib u tio n s  fo r  th e  c o s t a n d  sc h e d u le  o v e rru n s , th e  tr ia n g u la r  d is tr ib u tio n  y ie ld e d  m o re  

a c c u ra te  re p re s e n ta tio n s  o f  su c h  d a ta se ts . T h e  tr ia n g u la r  d is tr ib u tio n  c o u ld  b e  d e f in e d  b y  

th re e  p a ra m e te rs :  m in im u m  v a lu e , m o s t  l ik e ly  v a lu e , a n d  m a x im u m  v a lu e . T a b le  3 .6  

in d ic a te s  th e s e  p a ra m e te rs  fo r  th e  f i t te d  d is tr ib u tio n s  fo r  th e  c o s t  a n d  sc h e d u le  o v e rru n s .

T a b le  3 .6  F itte d  d is tr ib u tio n  fu n c tio n s  fo r  c o s t a n d  sc h e d u le  o v e rru n s .

P ro je c t
p e rfo rm a n c e

D is tr ib u tio n P a ra m e n ts  o f  d is tr ib u tio n
M in im u m M o s t  l ik e ly M a x im u m

C o s t o v e rru n T r ia n g u la r -0 .3 2 0 .0 3 6 0 .3 6
S c h e d u le  o v e rru n T r ia n g u la r -0 .23 0 .0 2 2 5 0 .33

T h e  e q u a tio n s  o f  th e  f i t te d  d is tr ib u tio n s  fo r  th e  c o s t a n d  sc h e d u le  o v e rru n s  a re  

p re s e n te d  in  E q u a tio n  (1 0 )  a n d  (1 1 ) re sp e c tiv e ly , a n d  th e  g ra p h s  o f  th e  c o s t  a n d  sc h e d u le  

o v e rru n s  a re  p re s e n te d  in  F ig u re  3 .7 . A s  F ig u re  3 .7  in d ic a te s , th e  d e v e lo p e d  m o d e l is  a b le  

to  p re d ic t  n e g a tiv e  as w e ll  as p o s it iv e  p ro je c t  p e rfo rm a n c e , re f le c t in g  th a t  th e  n e g a tiv e  

n o m e n c la tu re  o f  p ro je c t  r isk s  a im s  o n ly  to  p ro v id e  c o n s is te n c y  in  h o w  u s e rs  in p u t  th e ir  

c r i t ic a li ty  v a lu e s .

F ( c o )  =

0

4 .1 3 c o 2 +  2 .6 4 c o  +  0 .4 2 2  

- 4 . 5 4 c o 2 +  3 . 2 1  c o  +  0 . 4 1 1

i f  c o  <  - 0 . 3 2  

i f  — 0 .3 2  <  c o  <  0 .0 3 6  

i f  0 .0 3 6  <  c o  <  0 . 3 6  

i f  0 . 3 6  <  c o
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1 . 0 1 s o 2 +  3 .25SO  +  0 .3 7 4  

- 5 . 8 1 s o 2 +  3 .8 3 s o  +  0 .3 6 9

0 i f  s o  <  - 0 . 2 3  

i f  — 0 .2 3  <  s o  <  0 .0 2 2 5  

i f  0 .0 2 2 5  <  s o  <  0 .3 3  
i f  0 .3 3  <  s o

F ig u re  3 .7  G ra p h s  o f  th e  f i t te d  d is tr ib u tio n s  fo r  c o s t a n d  sc h e d u le  o v e rru n s .

3.7.4. Calculation of Project Risks Weights. A fte r  f i t t in g  th e  d is tr ib u tio n s  fo r  

c o s t  a n d  sc h e d u le  o v e rru n s , th e  c o n tr ib u tio n  o f  e a c h  p ro je c t  r is k  to w a rd  th e  p ro je c t  

p e rfo rm a n c e  w a s  q u a n tif ie d  u s in g  E q u a tio n  (7 ). T h e  re su lts  a re  p ro v id e d  in  T a b le  3 .7 . In  

a d d itio n  to  th e  s lo p e  o f  th e  f i t te d  c u m u la tiv e  d is tr ib u tio n  fu n c tio n s , th e  c a lc u la te d  

in d iv id u a l w e ig h ts  a re  th e  s e c o n d  in d ic a tio n  o f  th e  im p a c t  o f  e a c h  p ro je c t  r is k  o n  p ro je c t  

p e rfo rm a n c e . I t  is  re c o m m e n d  to  u se  th e  w e ig h ts  p re s e n te d  in  T a b le  3 .7  to  p re d ic t  th e  c o s t 

a n d  sc h e d u le  o v e rru n s ; h o w e v e r , p ro je c t  a d m in is tra to rs  c o u ld  a s s ig n  d if fe re n t  w e ig h ts  th a n  

th o se  p re s e n te d  in  th is  se c tio n  o f  th e  d is s e r ta t io n  ( to  re f le c t  th e  p o s s ib le  c o rre la tio n  b e tw e e n  

th e  p ro je c t  r isk s )  i f  e n o u g h  in fo rm a tio n  is  a v a ila b le  fo r  th e  q u a n tif ic a tio n  o f  th e  in d iv id u a l
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c o n tr ib u tio n  o f  e a c h  p ro je c t  r is k  to w a rd  p ro je c t  p e rfo rm a n c e . In  su c h  ca se s , p ro je c t  

a d m in is tra to rs  sh o u ld  e n su re  th a t  th e  su m  o f  th e  a s s ig n e d  in d iv id u a l w e ig h ts  e q u a ls  1.

T a b le  3 .7  W e ig h ts  fo r  v a r io u s  p ro je c t  r isk s .

P ro je c t  r isk W e ig h t
U n re a lis tic  s c h e d u lin g 0 .0 2 0
In a p p ro p r ia te  s c h e d u le  p re s s u re 0 .051
C o m p le x ity 0 .0 2 0
In e f f ic ie n t  c o o rd in a tio n  an d  
c o m m u n ic a tio n

0 .031

D e f ic ie n c y  o f  a p p ro v a l p ro c e s s 0 .0 3 8
L a c k  o f  t ru s t  a n d  m o tiv a tio n 0 .0 5 7
R ip p le  e ffe c ts  o f  sc h e d u le  p re s s u re 0 .0 3 4
U n p ro d u c tiv i ty  o f  w o rk fo rc e 0 .0 5 4
In a d e q u a te  c o n s tru c ta b il i ty  re v ie w s 0 .0 2 7
In c o m p e te n t  r e s o u rc e  d e v e lo p m e n t 0 .0 5 0
In a c c u ra te  re s o u rc e  a llo c a tio n 0 .0 1 7
A b s e n te e ism  a n d  tu rn o v e r 0 .0 6 9
W o rk p la c e  c o n g e s tio n 0 .0 3 8
U n s u ita b le  o v e rtim e  a n d  a d d e d  sh if ts 0 .0 7 0
In fe r io r  te c h n o lo g y 0 .031
R e w o rk  in  e x e c u tio n 0 .0 3 8
R e w o rk  in  d e s ig n 0 .0 3 7
U n re lia b il i ty  o f  q u a lity  a s su ra n c e  s ta f f 0 .0 3 8
O u t-o f-s e q u e n c e  w o rk 0 .0 2 8
C o n tro lle d  c h a n g e 0 .0 4 7
U n c o n tro lle d  c h a n g e 0 .0 2 4
L o w  fa b r ic a t io n  q u a lity 0 .0 4 4
P o o r  c o m m u n ic a tio n  w ith  fa b r ic a to rs 0 .0 4 0
U n s o u n d  f in a n c ia l  e s tim a tin g 0 .0 5 5
U n re a so n a b le  b u d g e t  c o n tin g e n c y 0 .0 4 2

3.8. MODEL VERIFICATION

T h is  s u b se c tio n  p ro v id e s  a ll d e ta ils  re la te d  to  th e  v e r if ic a tio n  o f  th e  d e v e lo p e d

m a th e m a tic a l a n d  r is k  m o d e l.
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3.8.1. Extreme Condition Test. T h e  e x tre m e  c o n d itio n  te s t  sp e c if ie s  th a t  an y  

c re a te d  m o d e l sh o u ld  b e  ro b u s t  in  e x tre m e  c o n d itio n s . T h e re fo re , th e  d e v e lo p e d  m o d e l 

sh o u ld  b e h a v e  in  a  re a l is t ic  fa s h io n  irre sp e c tiv e  o f  h o w  e x tre m e  th e  in p u ts  w e re  im p o se d  

o n  i t  (S te rm a n , 2 0 0 0 ). T o  te s t  th e  m o d e l p re se n te d , i t  is  im p o r ta n t  to  in v e s t ig a te  w h e th e r  

th e  m o d e l b e h a v e s  a p p ro p r ia te ly  w h e n  th e  in p u ts  ( th a t is, th e  c r i t ic a li ty  o f  p ro je c t  r isk s )  

ta k e  o n  th e  e x tre m e  v a lu e s  o f  0 a n d  1, re sp e c tiv e ly . T w o  m a in  m e th o d s  c a n  b e  u s e d  to  

p e rfo rm  e x tre m e  c o n d it io n  te s ts : d ire c t in sp e c tio n  a n d  s im u la tio n  (S te rm a n , 2 0 0 0 ). 

B e c a u s e  th e  d e v e lo p e d  m o d e l p re se n ts  e x p lic it  e q u a tio n s  a n d  g ra p h s  fo r  e a c h  in p u t, th e  

d ire c t  in sp e c tio n  m e th o d  is  u s e d  to  te s t  th e  m o d e l. F o llo w in g  th is  m e th o d , c o n s id e r in g  th e  

m o d e l’s re s p o n s e  w h e n  all in p u ts  s im u lta n e o u s ly  ta k e  o n  th e ir  e x tre m e  v a lu e s  is  im p o r ta n t  

(S te rm a n , 2 0 0 0 ) . T o  th is  en d , w h e n  th e  c r i t ic a li t ie s  fo r  all p ro je c t  r isk s  ta k e  z e ro  v a lu e s , 

E q u a tio n  (B 1 ) to  (B 2 5 )  ta k e  z e ro  v a lu e s  (b e tte r  v isu a liz e d  in  th e  a s so c ia te d  g ra p h s  

p re s e n te d  in  F ig u re  3 .6 ). U s in g  th e  w e ig h ts  in  T a b le  3 .7 , th e  w e ig h te d  v a lu e  o f  th e s e  z e ro  

n u m b e rs  is  z e ro . S u b s titu tin g  th e  z e ro  v a lu e  in  E q u a tio n  (1 0 ) a n d  (1 1 ), th e  p re d ic te d  c o s t 

o v e rru n  w ill  b e  - 0 .3 2 ,  a n d  th e  p re d ic te d  sc h e d u le  o v e rru n  w ill  b e  - 0 .2 3  (b e tte r  v isu a liz e d  

in  th e  a s so c ia te d  g ra p h s  p re s e n te d  in  F ig u re  3 .7 ). T h e  o b ta in e d  v a lu e s  fo r  th e  c o s t  an d  

sc h e d u le  o v e rru n s  a re  th e  m in im u m  v a lu e s  th a t  th e s e  v a r ia b le s  c o u ld  tak e . In  a  s im ila r  

m a n n e r , w h e n  th e  c ri t ic a li tie s  fo r  all o f  th e  r isk s  ta k e  a  v a lu e  o f  1, th e  p re d ic te d  c o s t  o v e rru n  

w ill  b e  th e  m a x im u m  v a lu e  o f  0 .3 6 , a n d  th e  p re d ic te d  s c h e d u le  o v e rru n  w ill b e  th e  

m a x im u m  v a lu e  o f  0 .3 3 . T h is  re s u lt  in d ic a te s  th a t  th e  p re d ic te d  c o s t  a n d  sc h e d u le  o v e rru n s  

a re  in  l in e  w ith  th e  e x tre m e  v a lu e s  o f  th e  in p u ts .

3.8.2. Surprise Behavior Test. D is c re p a n c ie s  b e tw e e n  th e  b e h a v io r  o f  th e  m o d e l 

a n d  e x p e c ta tio n s  in d ic a te  th a t  f la w s  in  th e  d e v e lo p e d  m o d e l a re  p re s e n t  (S te rm a n , 2 0 0 0 ).
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A  d e v e lo p e d  m o d e l p a s se s  th e  s u rp r ise  b e h a v io r  te s t  w h e n  i t  g e n e ra te s  a  c e rta in  b e h a v io r  

th a t  o c c u rs  in  th e  rea l sy s te m  (S te rm a n , 2 0 0 0 ) . F o r  p re d ic tin g  p ro je c t  p e rfo rm a n c e , th e  c o s t 

a n d  sc h e d u le  o v e rru n s  o f  p ro je c ts  a re  e x p e c te d  to  in c re a s e  w h e n  th e  c ri t ic a li tie s  o f  th e  

p ro je c t  r isk s  in c re a s e  a n d  v ic e  v e rsa . E q u a tio n  (B 1 )  to  (B 2 5 )  a n d  th e ir  c o rre sp o n d in g  

g ra p h s  sh o w  th a t  w h e n  th e  c rit ic a li ty  v a lu e  in c re a se s , th e  v a lu e  o f  th e  fu n c tio n  in c re a se s  

a n d  v ic e  v e rsa . C h e c k in g  th e  in c re a s in g  b e h a v io r  o f  th e  f it te d  c u m u la tiv e  p a ra m e tr ic  

fu n c tio n s  is  n o t  n e e d e d  b e c a u s e  th e y  p o sse s s  th e  in c re a s in g  p ro p e r ty  b y  d e fin itio n . 

H o w e v e r , in v e s t ig a tin g  th e  in c re a s in g  p ro p e r ty  o f  th e  n o n p a ra m e tr ic  f i t te d  d is tr ib u tio n  

fu n c tio n s  b y  in v e s t ig a tin g  th e  s ig n (s )  o f  th e ir  d e r iv a tiv e s  is  im p o rta n t. A s  F ig u re  3 .8  

in d ic a te s , th e  d e r iv a tiv e s  o f  th e s e  fu n c tio n s  a re  g re a te r  th a n  0 o v e r  th e  [0 , 1] in te rv a l, 

s h o w in g  th a t  th e  n o n p a ra m e tr ic  f i t te d  c u m u la tiv e  fu n c tio n s  a re  m o n o to n o u s ly  in c re a s in g . 

T h e re fo re , th e  im p a c ts  o f  p ro je c t  r isk s  w ill  in c re a se  w ith  an  in c re a s e  in  th e  c r it ic a li ty  

v a lu e s . B e c a u s e  th e  g ra p h s  o f  th e  c o s t  a n d  sc h e d u le  o v e rru n s  a re  a lso  m o n o to n o u s ly  

in c re a s in g  (F ig u re  3 .7 ) , h ig h e r  c rit ic a li ty  v a lu e s  w ill  in d u c e  h ig h e r  c o s t a n d  sc h e d u le  

o v e rru n s , re f le c t in g  th a t  th e  d e v e lo p e d  m o d e l g e n e ra te s  b e h a v io rs  e x p e c te d  b y  th e  rea l 

sy s tem .

F ’(c)

A

fVn r

'
” " b .o  O . l  0 ,2  0 .3  0 4 O 5 0 .6  0 .7  0 8  0 ,9  1

\  R i p p l e  e f f e c t s  o i

\  s c h e d u l e  p r e s s u i e

0.6

U"̂
oio o .i  o 2 0 3 0 4 0 5 0 6 0 7 0.8 0.9 1

\  O u t-o f -s ?quenc< w o rk

U.L

oT
0 .0

0 0  0 1 0 2 0 .3  0 4  0 5  0 6  0 7 0 8 0 9 1

Criticality (c) Criticality (c) Criticality (c)

F ig u re  3 .8  D e r iv a tiv e s  o f  th e  f i t te d  n o n -p a ra m e tr ic  fu n c tio n s .
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3.9. MODEL APPLICATION

T h is  s u b se c tio n  p ro v id e s  a ll d e ta ils  re la te d  to  h o w  th e  d e v e lo p e d  m o d e l sh a ll b e  

im p le m e n te d  in  rea l p ro je c ts .

3.9.1. Guidelines for Using the Developed Model in Industry Practice. T o

p ro v id e  in s ig h ts  in to  th e  u s e  o f  th e  d e v e lo p e d  m o d e l, th is  s u b se c tio n  p ro v id e s  a  d e ta ile d  

d e sc r ip tio n  f o r  u s e rs  o n  h o w  to  u t il iz e  th e  fo rm u la te d  f ra m e w o rk . F ir s t ,  p ro je c t 

a d m in is tra to rs  w ill  a s se s s  o n  a  [0; 1] sc a le  th e  m a g n itu d e  o f  th e  u n c e r ta in ty /p ro b a b il i ty  o f  

th e  p ro je c t  r is k , th e  c o n s e q u e n c e (s )  in  th e  c a se  th a t  a  p ro je c t  r is k  m a n ife s ts , th e  a m o u n t o f  

t im e  a v a ila b le  to  re a c t,  a n d  th e  c o n tr ib u tio n  o f  th e  p ro je c t  r is k  fa i lu re  to w a rd  th e  en tire  

p ro je c t  fa i lu re  in  te rm s  o f  c o s t a n d  t im e  as  r e f le c te d  b y  th e  q u a li ta t iv e  d e f in itio n  o f  

c rit ic a li ty  p ro v id e d  p re v io u s ly . T h e  c r it ic a li ty  o f  th e  p ro je c t  r is k  is  th e n  c a lc u la te d  as  th e  

a v e ra g e  o f  th e  fo u r  a s se s s e d  v a lu e s .

A f te r  c a lc u la t in g  th e  c r i t ic a li ty  v a lu e  “ c ” o f  e a c h  p ro je c t  r isk , th e  p ro je c t 

a d m in is tra to rs  c a lc u la te  th e  v a lu e  o f  F (c )  u s in g  E q u a tio n  (B 1 ) to  (B 2 5 )  o r  th e ir  

c o rre s p o n d in g  g ra p h s , re s u ltin g  in  25  v a lu e s  fo r  F (c )  (o n e  p e r  p ro je c t  risk ). S u b s e q u e n tly , 

p ro je c t  a d m in is tra to rs  a s s ig n  in d iv id u a l w e ig h ts  (W i) fo r  e a c h  p ro je c t  r is k  i f  th e y  h a v e  th e  

in fo rm a tio n  to  d o  so; i f  n o t, th e y  a re  a d v is e d  to  u s e  th e  w e ig h ts  in  T a b le  3 .7 .

S u b se q u e n tly , p ro je c t  a d m in is tra to rs  c a lc u la te  w  =  ^ - i f 5 W i * F t (  c ) .  T h e  

p re d ic te d  c o s t  a n d  sc h e d u le  o v e rru n s  a re  th e  so lu tio n s  to  th e  e q u a tio n s  F (c o )  =  ro a n d  F (so )  

=  ro; F (c o )  a n d  F (s o )  a re  p re s e n t  in  E q u a tio n  (1 0 )  a n d  (1 1 ), re sp e c tiv e ly . F ig u re  3 .9  p ro v id e s  

th e  su m m a riz e d  p ro c e d u re  th a t  p ro je c t  a d m in is tra to rs  u se  to  p re d ic t  c o s t a n d  sc h e d u le

o v e rru n s .
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How to predict project performance using the developed model?

For each project risk, assess each one of
the following aspects of criticality on a
[0; 1] scale:
(1) Magnitude of uncertainty/probability 

of the project risk
(2) Magnitude of the consequencejs) in 

case the project risk takes place
(3) Amount of time available to react
(4) The contribution of the project risk 

failure towards the entire project 
failure in terms of cost and time

For each project risk, calculate 
• the criticality as the average of 
the four assessed values

For each project risk, calculate 
the value of F(c) using 
Equations A1 to A25 (or the 
graphs In Figure 6).

This will result in 25 values 
(Fj) for F(c) (one per project 
risk)

• The higherthe uncertainty, the higherthe 
criticality

F ig u re  3 .9  P ro c e d u re  fo r  u s in g  th e  d e v e lo p e d  m o d e l.

A lth o u g h  th e  d e v e lo p e d  m o d e l in c lu d e s  a d v a n c e d  m a th e m a tic a l fo rm u la tio n s  th a t  

m ig h t seem  d if f ic u lt  in  p ra c tic e , u s e rs  a re  n o t  o v e rw h e lm e d  b y  th e  p re s e n te d  d is tr ib u tio n s  

o r  e q u a tio n s  b e c a u s e  th e  m o d e l c o u ld  b e  e a s i ly  fo rm u la te d  u s in g  m e re ly  s im p le  to o ls  ( su c h  

as E x c e l) . U s in g  a  s im p le  d e v e lo p e d  sp re a d s h e e t, th e  u s e r  o n ly  p ro v id e s  th e  c r i t ic a li ty  

v a lu e s  o f  e a c h  p ro je c t  r is k  fo r  th e  c u rre n t p ro je c t  u n d e r  s tu d y . T h e  c a lc u la t io n  o f  th e  c o s t 

a n d  sc h e d u le  o v e rru n s  is  a u to m a tic a lly  p e rfo rm e d  b y  th e  s p re a d sh e e t in  a  f e w  m illis e c o n d s .

3.9.2. Hypothetical Case Study. A  h y p o th e tic a l d a ta s e t  w a s  u s e d  to  p re s e n t  th e  

p o te n tia l  o f  th e  d e v e lo p e d  m o d e l b y  d e m o n s tra t in g  its  a p p lie d  u s e  b y  in d u s try  p ra c tit io n e rs  

as w e ll as its  a b ility  in  in d u c in g  b e h a v io r  p a tte rn s . F ig u re  3 .1 0  in d ic a te s  th e  p re d ic tio n  o f

th e  c o s t a n d  sc h e d u le  o v e rru n s  fo r  th e  tw o  s tu d ie d  cases .
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A lth o u g h  b o th  C a se  1 a n d  C a se  2  h a v e  an  e q u a l a v e ra g e  c r i t ic a li ty  v a lu e  o f  0 .5  fo r  

all p ro je c t  r isk s , d if fe re n t  c o s t  a n d  sc h e d u le  o v e rru n s  w e re  p re d ic te d  fo r  e a c h  case . A s  

F ig u re  3 .1 0  in d ic a te s , th e  p re d ic te d  c o s t o v e rru n  fo r  C a se  1 is  0 .0 4 3 9  c o m p a re d  w ith  0 .0 9 9 7  

fo r  C a se  2. In  a d d itio n , th e  p re d ic te d  sc h e d u le  o v e rru n  is  0 .0 4 9 9  fo r  C a se  1 c o m p a re d  w ith  

0 .0 9 9 2  fo r  C a se  2. T h is  r e s u lt  in d ic a te s  th a t  th e  p re d ic te d  c o s t a n d  sc h e d u le  o v e rru n s  

d e p e n d  o n  th e  sp e c if ic  c ri t ic a li tie s  o f  e a c h  p ro je c t  r is k  ra th e r  th a n  o n  th e  b ro a d e r  p ro je c t  

p e rsp e c tiv e . T h is  d e p e n d e n c e  d e m o n s tra te s  th a t  th e  d e v e lo p e d  m o d e l is  d y n a m ic  in  n a tu re  

a n d  p re s e rv e s  th e  c o n tr ib u tio n  o f  th e  c r it ic a li ty  o f  e a c h  p ro je c t  r is k  to w a rd  p ro je c t  

p e rfo rm a n c e . T h e re fo re , th e  d e v e lo p e d  m o d e l le a d s  to  b e tte r  q u a n tif ic a tio n  a n d  p re d ic tio n  

o f  p ro je c t  p e rfo rm a n c e  in  te rm s  o f  b o th  c o s t  a n d  tim e . F ig u re  3 .11  in d ic a te s  an  e x a m p le  

fo r  th e  u se  o f  th e  g e n e ra te d  g ra p h s  th ro u g h  th e  e x tra c tio n  o f  th e  0 .0 9 9 2  sc h e d u le  o v e rru n  

v a lu e  fo r  C a se  2 , as  p re s e n te d  in  F ig u re  3 .10 .

F ig u re  3 .11  E x a m p le  s h o w in g  h o w  to  u s e  th e  s c h e d u le  o v e rru n  g rap h .
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F u r th e r  a n d  to  in v e s t ig a te  th e  m o d e l’s b e h a v io r  p a tte rn s , a  s im ila r  p ro c e d u re  as 

d e p ic te d  in  F ig u re  3 .1 0  w a s  fo llo w e d ; h o w e v e r , th e  c r i t ic a li ty  v a lu e s  w e re  m a in ta in e d  

c o n s ta n t  fo r  a ll p ro je c t  r isk s . F o r  e x a m p le , all r isk s  h a d  a  c rit ic a li ty  v a lu e  o f  0 .1 , 0 .2 , an d  

so  on . T h is  a n a ly s is  sh o u ld  b e tte r  h e lp  p re s e n t  h o w  c rit ic a li ty , a lo n e , im p a c ts  p ro je c t  

p e rfo rm a n c e . A s  in d ic a te d  in  F ig u re  3 .1 2 , a  se n s it iv ity  a n a ly s is  w a s  p e rfo rm e d  to  re f le c t 

c h a n g e s  in  p ro je c t  p e rfo rm a n c e  as  re la te d  to  c ritic a lity .

F ig u re  3 .1 2  C o s t  a n d  sc h e d u le  o v e rru n s  vs. c r itic a lity .

B e c a u s e  th e  c u rv e s  p re s e n t  in  F ig u re  3 .1 2  a re  n o n lin e a r, i t  is  e v id e n t  th a t  th e  

d e v e lo p e d  m o d e l d o e s  n o t  t re a t  c o s t  a n d  sc h e d u le  o v e rru n s  in  a  l in e a r  fa sh io n . A s  such , 

th is  re f le c ts  th a t  th e  p ro p o se d  f ra m e w o rk  is  n o n lin e a r  in  n a tu re , w h ic h  m im ic s  th e  rea l 

b e h a v io r  a n d  p e rfo rm a n c e  o f  c o n s tru c tio n  p ro je c ts  a n d  e s ta b lish e s  th e  a d d e d  

v a lu e /c o n tr ib u tio n  o f  th e  d e v e lo p e d  m o d e l to  th e  c o n s tru c tio n  in d u s try ’s b o d y  o f  

k n o w le d g e . M o re o v e r , a lth o u g h  b o th  C a se  1 a n d  C a se  2 — as sh o w n  in  F ig u re  3 .1 0 — h a v e  

an  e q u a l a v e ra g e  c r i t ic a li ty  v a lu e  o f  0 .5  fo r  a ll p ro je c t  r isk s , d if fe re n t  c o s t  a n d  sc h e d u le
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o v e rru n s  w e re  p re d ic te d  fo r  e a c h  case . A s  su ch , n o  d e f in ite  b e h a v io r  c a n  b e  e s ta b lish e d  

b e tw e e n  th e  p e rfo rm a n c e  o f  p ro je c ts  in  te rm s  o f  t im e  a n d  c o s t b e c a u s e  n o  c o rre la tio n  c o u ld  

b e  d e v is e d  b e tw e e n  th e  g ra p h s  p re s e n te d  in  F ig u re  3 .1 2 , w h ic h  is  a lso  re f le c te d  in  th e  

re su lts  p re s e n te d  in  F ig u re  3 .1 0 . F u r th e rm o re , as  F ig u re  3 .1 2  in d ic a te s , b o th  c o s t  an d  

sc h e d u le  o v e rru n s  in c re a s e  w ith  in c re a s e d  c ritic a lity . T o  th is  e n d  a n d  b e c a u s e  p ro je c t  

p e rfo rm a n c e  is  a n tic ip a te d  to  w o rs e n  ( th a t  is, h ig h e r  c o s t a n d  sc h e d u le  o v e rru n s )  fo r  

in c re a s e d  c rit ic a li tie s , th e  f in d in g s  p re s e n te d  in  F ig u re  3 .1 2  a re  in  l in e  w ith  w h a t  is  

e x p e c te d  to  h a p p e n  in  re a l- l ife  cases . T h e re fo re , th e  d e v e lo p e d  m o d e l m im ic s  th e  rea l 

b e h a v io r  o f  p ro je c ts  an d , th u s , th e  p re d ic te d  p ro je c t  p e rfo rm a n c e  in d ic a to rs  a re  c o n s id e re d  

g o o d  e s tim a te s  th a t  p ro je c t  a d m in is tra to rs  c o u ld  re ly  o n  w h e n  m a k in g  d e c is io n s  a n d  ta k in g  

c o rre c tiv e  ac tio n s .

3.9.3. Limitations. A n y  d e v e lo p e d  m o d e l h a s  l im ita tio n s  a n d  p o s s ib ili tie s  fo r  

im p ro v e m e n t. A lth o u g h  th e  d e v e lo p e d  m o d e l w o rk s  fo r  a ll ty p e s  o f  c o n s tru c tio n  p ro je c ts , 

i t  y ie ld s  th e  b e s t  re su lts  f o r  in d u s tr ia l  p ro je c ts  b e c a u s e  th e  c o s t  a n d  sc h e d u le  o v e rru n s  a re  

re tr ie v e d  f ro m  C I I ’s C O A A  m a jo r  p ro je c ts  b e n c h m a rk in g  su m m a ry  re p o r t  th a t  p u b lish e s  

d a ta  o n  in d u s tr ia l  p ro je c ts . A d d itio n a lly , m o s t  o f  th e  su rv e y e d  e x p e rts  sp e c ia liz e d  in  

in d u s tr ia l  p ro je c ts . O n e  o th e r  l im ita tio n  is  th e  p o s s ib ili ty  th a t  p ro je c t  r isk s  c o u ld  u n fo ld  

d iffe re n tly  fo r  e a c h  p ro je c t;  th e re fo re , th a t  th e  w e ig h ts  b e  p ro je c t- s p e c if ic  is  a d v ise d . A n  

a d d itio n a l l im ita tio n  is  th a t  p o s s ib le  c o rre la tio n s  b e tw e e n  th e  d if fe re n t  p ro je c t  r isk s  a re  n o t 

in c o rp o ra te d . N e v e r th e le s s , th e  in c o rp o ra tio n  o f  th e  c o rre la tio n  b e tw e e n  th e  p ro je c t  r isk s  

c o u ld  b e  a d d re s s e d  b y  a s s ig n in g  in d iv id u a l w e ig h ts  b y  u se rs  o th e r  th a n  th o se  p ro v id e d , as 

p re v io u s ly  sp e c if ie d  in  th is  se c tio n  o f  th e  d isse r ta tio n . In  a d d itio n , th e  s tu d y  o f  th e s e  

c o rre la tio n s  c o u ld  b e  p e rfo rm e d  in  fu tu re  re s e a rc h  b a s e d  o n  th e  f in d in g s  o f  th is  se c tio n  o f
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th e  d is s e r ta t io n  a n d  o n  th e  a v a ila b ility  o f  th e  n e e d e d  d a ta . H o w e v e r , th is  is  p o s s ib le  b y  d in t 

o f  th e  c u rre n t w o rk  p ro v id e d  in  th is  se c tio n  o f  th e  d is s e r ta t io n  th a t  d e v e lo p s  a  m o d e l to  

a s se s s  a n d  p re d ic t  p ro je c t  p e rfo rm a n c e  in  th e  c o n s tru c tio n  in d u s try ;  th u s , e x tra  c a p a b ili t ie s  

c o u ld  s u b se q u e n tly  b e  e a s ily  ad d ed . M o re o v e r , p ro je c t  a d m in is tra to rs  o r  u s e rs  u t i l iz in g  th e  

d e v e lo p e d  m o d e l a re  n o t  a d v is e d  to  u s e  i t  a f te r  e x tre m e /o u t-o f-o rd in a ry  p ro je c t  

p e rfo rm a n c e  fo r  w h ic h  th e  p re d ic tio n  o f  c o s t a n d  sc h e d u le  o v e rru n s  w ill b e  v e ry  co m p le x , 

u n c e rta in , a n d  u n iq u e  in  n a tu re  an d , th u s , m a y  re q u ire  m o re  c o m p le x  m e th o d o lo g ie s .

3.10. SUMMARY

T h is  se c tio n  o f  th e  d is s e r ta t io n  p re se n ts  a  h o lis t ic  m o d e l to  p re d ic t  p ro je c t  

p e rfo rm a n c e . T h e  m o d e l fo re c a s ts  tw o  p re v a ilin g  in d ic a to rs :  c o s t a n d  sc h e d u le  o v e rru n s . 

T h e  d e v e lo p e d  m o d e l a llo w s  p ro je c t  a d m in is tra to rs  to  p re d ic t  th e  p e rfo rm a n c e  o f  

c o n s tru c tio n  p ro je c ts  b a s e d  o n  25  p ro je c t  r isk s  th a t  a re  re tr ie v e d  f ro m  th e  l i te ra tu re  a n d  th a t  

h a v e  sh o w n  to  b e  th e  m o s t  im p o r ta n t  b a s e d  o n  a  m e ta -a n a ly s is  o f  th e  l ite ra tu re . T h e  m o d e l 

p re se n ts  e x p lic it  e q u a tio n s  th a t  c o u ld  b e  u se d  to  fo re c a s t  th e  p ro je c t  p e rfo rm a n c e  in  te rm s  

o f  co s t a n d  sc h e d u le  a n d  a  se t o f  g ra p h s  th a t  c o u ld  b e  a d o p te d  as an  a lte rn a tiv e  m e th o d  fo r  

e s tim a tin g  p ro je c t  p e rfo rm a n c e  to  m in im iz e  th e  c o m p u ta tio n a l e ffo rts . In  a d d itio n , u s in g  

n u m e ric a l e x a m p le s  o f  a  h y p o th e tic a l c a se  s tu d y , th e  p ro p o se d  m o d e l r e f le c te d  its  

p ra c tic a li ty  a n d  re lia b ili ty  in  p re d ic tin g  p ro je c t  p e rfo rm a n c e .

3.11. CREDIT

T h is  s u b se c tio n  a im s  to  a c k n o w le d g e  th e  d is c u s s io n s  a n d  in p u ts  p ro v id e d  b y  D r. 

Ib ra h im  S. A b o ta le b , d u r in g  h is  jo u rn e y  as  a  p o s td o c to ra l re s e a rc h  fe l lo w  a t th e  M is so u r i
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3.12. RELATED APPENDIX

A p p e n d ix  B  p re se n ts  th e  E q u a tio n s  o f  th e  f it te d  p a ra m e tr ic  a n d  n o n -p a ra m e tr ic  

d is tr ib u tio n  fu n c tio n s  fo r  th e  25  p ro je c t  r isk s  c o n s id e re d  in  th is  se c tio n  o f  th e  d isse r ta tio n . 

I t  is  to  b e  n o te d  th a t  th e  se q u e n c e  o f  th e s e  e q u a tio n s  as re la te d  to  e a c h  o n e  o f  th e  25  p ro je c t  

r isk s  is  th e  sa m e  as th e  se q u e n c e  o f  p ro je c t  r isk s  sh o w n  in  T a b le  3 .5 .

University of Science and Technology, which are very appreciated for the development of

the research reported in this section (i.e., Section 3) of the dissertation.
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4. A STATISTICAL AND TIME SERIES MODEL TO STUDY THE IMPACT OF 
DYNAMIC WORKFORCE AND WORKPLACE VARIABLES ON THE 

PRODUCTIVITY OF THE CONSTRUCTION INDUSTRY

4.1. OVERVIEW

T h e  c o n s tru c tio n  in d u s try  is  o n e  o f  th e  k e y  c o n tr ib u to rs  to  th e  g ro w th  o f  e c o n o m ie s . 

F o r  in s ta n c e , th e  c o n s tru c tio n  in d u s try  c o n tr ib u te s  to  a b o u t 4 .4 %  o f  th e  to ta l g ro ss  o u tp u t 

in  th e  U S  (U S  B u re a u  o f  E c o n o m ic  A n a ly s is , 2 0 1 8 b ) . In  a d d itio n , th e  c o n s tru c tio n  in d u s try  

e m p lo y s  6 % -1 0 %  o f  th e  w o rk fo rc e  (S h o h e t  e t a l., 2 0 1 9 ) . M o re o v e r , th e  c o n s tru c tio n  

in d u s try  p la y s  an  im p o r ta n t  ro le  in  d r iv in g  th e  a c tiv it ie s  o f  o th e r  in d u s tr ie s  su ch  as 

m a n u fa c tu r in g , m in in g  a n d  a g ric u ltu re , t ra n s p o r ta tio n  (D o n k o r , 2 0 1 1 ) , a n d  in fra s tru c tu re  

(A ssa a d  e t a l., 2 0 2 0 a ) , a m o n g  o th e rs . In  a d d itio n , c o n s tru c tio n  is  a  c o m p le x  b u s in e s s  

(A ssa a d  e t a l., 2 0 2 0 b ) , a n d  d if fe re n t c o n s tru c tio n -re la te d  u n c e r ta in t ie s  c a n  im p a c t  

p ro d u c tiv ity  (C h o y  a n d  R u w a n p u ra , 2 0 0 5 ; S e x to n  e t a l., 2 0 2 0 ).

C o n s tru c tio n  p ro d u c tiv ity  is  a fu n d a m e n ta l p ie c e  o f  in fo rm a tio n  f o r  d if fe re n t 

e s se n tia l  c o n s tru c tio n  a c tiv it ie s  su ch  as e s tim a tin g , b u d g e tin g , a n d  s c h e d u lin g  (E l-G o h a ry  

e t a l., 2 0 1 7 ) . In  a d d itio n , c o n s tru c tio n  p ro d u c tiv ity  is  an  im p o r ta n t  m e tr ic  th a t  p ro v id e s  

fe e d b a c k  a b o u t th e  in d u s try  tre n d s  a n d  im p ro v e m e n ts  (V e re e n  e t a l., 2 0 1 6 ) . In  fac t, 

c o n s tru c tio n  p ro d u c tiv ity  is  c o n s id e re d  th e  in d u s try ’s p re d o m in a n t d e te rm in a n t o f  

p e rfo rm a n c e  (Ja rk a s , 2 0 1 6 a ). C o n se q u e n tly , i t  is  im p o r ta n t  to  u n d e rs ta n d  th e  f lu c tu a tio n s  

o r  m o v e m e n ts  o f  c o n s tru c tio n  p ro d u c tiv ity .

T h e  c o n s tru c tio n  in d u s try  is  p ro n e  to  m a n y  d is ru p tio n s  (A ssa a d  a n d  E l-a d a w a y , 

2 0 2 0 a ), a n d  th e  d y n a m ic s  o f  th e  w o rk fo rc e  a n d  w o rk p la c e  p la y  an  im p o r ta n t  ro le  in  th e  

f lu c tu a tio n s  o f  c o n s tru c tio n  p ro d u c tiv ity  (C h a tu rv e d i e t a l., 2 0 1 8 ; D u rd y e v  e t a l., 2 0 1 8 ).
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H o w e v e r , th is  d o e s  n o t  m e a n  th a t  th e  ro le  o f  th e s e  v a r ia b le s  is  u n d e rs to o d  a n d  q u a n tif ia b le . 

In  o th e r  w o rd s , a lth o u g h  c o n s tru c tio n  p ro d u c tiv ity  is  a ffe c te d  b y  d if fe re n t  d y n a m ic  

w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s , th e  e ffe c ts  o f  th e s e  v a r ia b le s  c a n n o t b e  u n d e rs to o d  o r  

q u a n tif ie d  u n le s s  th e y  a re  re se a rc h e d . D y n a m ic  v a r ia b le s  r e fe r  to  v a r ia b le s  w ith  v a lu e s  

c h a n g in g  f ro m  o n e  p e r io d  to  a n o th e r  o r  th a t  a re  l in k e d  to  o th e r  v a r ia b le s  d e p e n d in g  o n  tim e  

(A b b a s  a n d  M o s a lla m y , 2 0 1 6 ) . In  s im p le  te rm s , d y n a m ic  v a r ia b le s  c a n  ta k e  d if fe re n t v a lu e s  

o v e r  tim e .

A lth o u g h  th e  c o n s tru c tio n  in d u s try  p ro d u c e s  a  la rg e  a m o u n t o f  d a ta  o n  a  p e r io d ic  

b a s is , e x is t in g  d a ta  se ts  h a v e  n o t  b e e n  e x p lo ite d  fu lly  (C a o  a n d  G o h , 2 0 1 9 ). In  re la tio n  to  

th is , n o  p re v io u s  re s e a rc h  w o rk  e x p lo ite d  p u b lic ly  a v a ila b le  w o rk fo rc e  a n d  w o rk p la c e  

v a r ia b le s  to  u n d e rs ta n d  a n d  m o d e l th e  f lu c tu a tio n s  in  th e  p ro d u c tiv ity  o f  th e  c o n s tru c tio n  

in d u s try  as a  w h o le . In  o th e r  w o rd s , a lth o u g h  th e  p ro d u c t iv i ty ’s b o d y  o f  k n o w le d g e  h as  

p ro d u c tiv ity  h a s  m a n y  p re v io u s  re s e a rc h  w o rk s  th a t  p ro v id e d  im p o r ta n t  in fo rm a tio n  on  

c o n s tru c tio n  p ro d u c tiv ity , in c lu d in g  b u t  n o t  l im ite d  to  D u rd y e v  e t al. (2 0 1 8 ), G u rm u  an d  

O n g k o w ijo y o  (2 0 2 0 ), G u p ta  e t al. (2 0 1 8 ), a n d  E l-G o h a ry  e t al. (2 0 1 7 ), th e s e  e ffo r ts  fo c u s e d  

o n  la b o r  p ro d u c tiv ity  r a th e r  th a n  o n  th e  p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try  as a  w h o le . 

T h u s , c o n s tru c tio n  p ro d u c tiv ity  in  th is  se c tio n  o f  th e  d is s e r ta tio n  is  d e f in e d  as, a n d  re fe rs  

to , th e  p ro d u c tiv ity  o f  th e  o v e ra ll c o n s tru c tio n  in d u s try ;  th a t  is, th e  m o n th ly  g e n e ra te d  

o u tp u t  ( in  U S D )  p e r  w o rk e r-h o u r . T h u s , th is  se c tio n  o f  th e  d is s e r ta tio n  ta k e s  a  h ig h -le v e l 

p e rs p e c tiv e  b y  fo c u s in g  o n  th e  p ro d u c tiv ity  o f  th e  o v e ra ll c o n s tru c tio n  in d u s try .
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4.2. OBJECTIVE

T h e  g o a l o f  th is  se c tio n  o f  th e  d is s e r ta t io n  is  to  s tu d y  a n d  m o d e l th e  im p a c ts  o f  d y n a m ic  

w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  o n  th e  p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try . T h e  

a s so c ia te d  re s e a rc h  o b je c tiv e s  a re  to  (1 ) e x a m in e  th e  s ta tis tic a l re la tio n s h ip s  a n d  c a u sa lit ie s  

b e tw e e n  n u m e ro u s  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  o n  o n e  h a n d  a n d  th e  p ro d u c tiv ity  o f  

th e  c o n s tru c tio n  in d u s try  o n  th e  o th e r  h an d ; (2 ) a s so c ia te  th e  c h a n g e s  in  c o n s tru c tio n  

p ro d u c tiv ity  w ith  i ts  p a s t  f lu c tu a tio n s  a n d  th e  p a s t  m o v e m e n ts  in  d if fe re n t  d y n a m ic  

w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s ;  a n d  (3 )  d e v e lo p  a n d  v a lid a te  a  s ta tis tic a l f ra m e w o rk  

th a t  m o d e ls  a n d  p re d ic ts  th e  p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try .

4.3. CURRENT STATE OF LITERATURE, LIMITATIONS OF EXISTING 
STUDIES, AND BACKGROUND INFORMATION

T h e  c o n s tru c tio n  in d u s try  is  su b je c t to  s c h e d u le  o v e rru n s  (A s s a a d  a n d  A b d u l-  

M a la k , 2 0 2 0 b ) , n u m e ro u s  u n c e r ta in t ie s  (A ssa a d  a n d  E l-a d a w a y , 2 0 2 1 b ,) , r isk s , a n d  e v e r-  

c h a n g in g  c o n d itio n s  as i t  is  r ip e  fo r  m a n y  d is ru p tio n s  (A ssa a d  e t a l., 2 0 2 1 a ). O n e  o f  th e  

m o s t  c r itic a l u n c e r ta in t ie s  o r  r isk s  is  p ro d u c tiv ity . T h u s , th is  s u b se c tio n  p ro v id e s  th e  

n e e d e d  b a c k g ro u n d  in fo rm a tio n  re la te d  to  c o n s tru c tio n  p ro d u c tiv ity . T h is  s u b se c tio n  a lso  

in c lu d e s  in fo rm a tio n  re la te d  to  t im e  se rie s  a n a ly s is .

4.3.1. Previous Studies Related to Construction Productivity. T h is  s u b se c tio n  

d e ta ils  th e  r e le v a n t  p re v io u s  re s e a rc h  w o rk  o n  c o n s tru c tio n  p ro d u c tiv ity . Jo h a ri a n d  Jh a  

(2 0 2 0 b )  e x p lo re d  th e  re la tio n s h ip s  b e tw e e n  th e  w o rk  m o tiv a tio n  o f  w o rk e rs  a n d  th e ir  

p ro d u c tiv ity  b a s e d  o n  116 c o n s tru c tio n  w o rk e rs  f ro m  4  c o n s tru c tio n  s ite s  in  In d ia . F lo re z  

e t al. (2 0 2 0 )  p ro p o se d  a  n e w  m e tr ic  to  m e a s u re  c o m p a tib i l i ty  o f  p e rs o n a lity  a m o n g  w o rk e rs  

in  a  c re w  a n d  re v e a le d  h o w  p e rs o n a lity  fa c to rs  a ffe c t p ro d u c tiv ity  b a s e d  o n  r ig o ro u s
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m e th o d s  to  a n a ly z e  c o rre la t io n s  fo r  c o n s tru c tio n  e x p e rim e n ts . G h o d ra ti  e t al. (2 0 1 8 )  

q u a n tif ie d  th e  e ffe c tiv e n e s s  o f  a  se t o f  im p le m e n te d  m a n a g e m e n t s tra te g ie s  in  im p ro v in g  

p ro d u c tiv ity  in  c o n s tru c tio n  p ro je c ts  in  N e w  Z e a la n d . P a n  e t al. (2 0 1 9 )  e x a m in e d  th e  n a tu re  

o f  th e  c o n s tra in ts  o n  p ro d u c tiv ity  a d v a n c e m e n t a n d  e x p lo re d  th e  ra t io n a le  u n d e rp in n in g  th e  

p ro d u c tiv ity  e n h a n c e m e n t s tra te g ie s  w ith in  th e  c o n s tru c tio n  in d u s tr ie s  o f  S in g a p o re , H o n g  

K o n g , a n d  th e  U n ite d  K in g d o m . Jo h a ri  a n d  J h a  (2 0 2 0 a )  e s ta b lis h e d  th e  re la tio n sh ip  

b e tw e e n  c o n s tru c tio n  w o rk e rs ’ a p titu d e s  a n d  th e i r  p ro d u c tiv ity  b a s e d  o n  d a ta  c o lle c te d  on  

112 w o rk e rs . G u rm u  a n d  O n g k o w ijo y o  (2 0 2 0 )  a tte m p te d  to  p re d ic t  c o n s tru c tio n  la b o r  

p ro d u c tiv ity  b a s e d  o n  im p le m e n ta t io n  le v e ls  o f  h u m a n  re so u rc e  m a n a g e m e n t (H R M ) 

p ra c tic e s  b y  p e rfo rm in g  a  c o rre la tio n  a n d  a s so c ia tio n s  a n a ly s is  b e tw e e n  p ro d u c tiv ity , H R M  

p ra c tic e s , c o m p a n y  p ro f ile s , a n d  p ro je c t  p ro p e r t ie s  b a s e d  o n  d a ta  c o lle c te d  f ro m  39  

c o n tra c to rs . D u rd y e v  e t al. (2 0 1 8 )  d e v e lo p e d  a  s tru c tu ra l e q u a tio n  m o d e l o f  th e  fa c to rs  

a ffe c tin g  c o n s tru c tio n  la b o r  p ro d u c tiv ity  in  th e  M a la y s ia n  c o n s tru c tio n  in d u s try . G u p ta  e t 

al. (2 0 1 8 )  d e te rm in e d  d if fe re n t  s ite  a m e n itie s  a n d  w o rk e r ’s w e lfa re  fa c to rs  th a t  im p a c t  th e  

w o rk fo rc e  p ro d u c tiv ity  in  In d ia n  c o n s tru c tio n  p ro je c ts . E l-G o h a ry  e t al. (2 0 1 7 )  in tro d u c e d  

an  e n g in e e r in g  c o n c e p t to  d o c u m e n t, c o n tro l, p re d ic t, a n d  im p ro v e  c o n tra c to r s ’ la b o r  

p ro d u c tiv ity  fo r  fo rm w o rk  a n d  re in fo rc in g  s tee l f ix in g  c ra f ts , in c lu d in g  fa c to rs  o f  th e  

p ro je c t  m a n a g e m e n t a n d  a d m in is tra t io n  lev e l a n d  o f  th e  a c tiv ity  lev e l. B o n h a m  e t al. (2 0 1 7 )  

a p p lie d  d a ta  m in in g  te c h n iq u e s  to  q u a n tify  th e  re la tiv e  in f lu e n c e  o f  d e s ig n  a n d  in s ta lla tio n  

a ttr ib u te s  o n  la b o r  p ro d u c tiv ity . K is i  e t al. (2 0 1 8 )  te s te d  a n d  e v a lu a te d  th e  v a lid ity  o f  th e  

tra d itio n a l  tw o -p ro n g  s tra te g y  o n  a  c o m p le x  a n d  la b o r - in te n s iv e  o p e ra t io n  a n d  p ro v id e d  a 

f ra m e w o rk  fo r  e s tim a tin g  th e  o p tim a l p ro d u c tiv ity  fo r  th e  fa b r ic a t io n  a c tiv ity  o f  sh e e t m e ta l 

d u c ts . Z h a o  a n d  D u n g a n  (2 0 1 8 )  re v ie w e d  th e  m e th o d s  u s e d  to  q u a n tify  lo s t  la b o r
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p ro d u c tiv ity  in  th e  U S  c o n s tru c tio n  in d u s try , a lo n g  w ith  re le v a n t  ca se s , to  e x a m in e  th e  

p ra c tic a l c o n s id e ra t io n s  in  s e le c tin g  th e  p ro p e r  p ro d u c tiv ity  q u a n tif ic a tio n  m e th o d . G u rm u  

(2 0 1 9 )  d e v e lo p e d  a  to o l fo r  s c o rin g  m a te r ia ls  m a n a g e m e n t p ra c tic e s  fo r  b u ild in g  p ro je c ts  

a n d  b u i l t  a  to o l fo r  p re d ic tin g  p ro d u c tiv ity  b a s e d  o n  a  q u e s tio n n a ire  d is tr ib u te d  to  

c o n s tru c tio n  e x p e rts  a n d  c o n tra c to rs .

4.3.2. Summary of Existing Literature on Construction Productivity. T o

p ro v id e  a  g e n e ra l d e s c r ip tio n  o f  th e  e x is tin g  k n o w le d g e  o n  c o n s tru c tio n  p ro d u c tiv ity , th is  

s u b se c tio n  su m m a riz e s  th e  p re v io u s  l ite ra tu re  a t th re e  lev e ls : h ig h  lev e l, m e d iu m  lev e l, an d  

d e ta ile d  lev e l. T h e  h ig h -le v e l o v e rv ie w  p ro v id e s  th e  b ro a d  re s e a rc h  a re a s  o n  c o n s tru c tio n  

p ro d u c tiv ity . T h e  m e d iu m -le v e l  su m m a ry  o ffe rs  m o re -e la b o ra te  in fo rm a tio n  o n  th e  

e x is tin g  k n o w le d g e  o n  c o n s tru c tio n  p ro d u c tiv ity . T h e  d e ta ile d - le v e l re v ie w  p ro v id e s  a 

m o re  th o ro u g h  s u m m a ry  o f  th e  e x is t in g  l ite ra tu re  o n  c o n s tru c tio n  p ro d u c tiv ity .

A t th e  h ig h  lev e l, D u rd y e v  e t al. (2 0 1 8 )  d e m o n s tra te d  th a t  th e  m a in  th re a d  in  all 

c o n te x tu a l in te rp re ta t io n s  o r  d e f in i tio n s  o f  p ro d u c tiv ity  is  re la te d  to  e ff ic ie n c y  a n d  

e ffe c tiv e n e ss . E f f ic ie n c y  is  re la te d  to  a n s w e rin g  th e  q u e s tio n  o f  h o w  e ff ic ie n tly  s c a rc e  

re so u rc e s  a re  u s e d  th ro u g h o u t  th e  im p le m e n ta t io n  p ro c e s s  to  a tta in  th e  in te n d e d  o b je c tiv e s  

(D u rd y e v  e t a l., 2 0 1 8 ) . E f fe c tiv e n e s s  is re la te d  to  a n s w e rin g  th e  q u e s tio n  o f  h o w  e ffe c tiv e ly  

th e  re s o u rc e s  a re  u t i l iz e d  to  fu lf ill  th e  se t ta rg e ts  (D u rd y e v  e t a l., 2 0 1 8 ). A t th e  m e d iu m  

lev e l, Y i a n d  C h a n  (2 0 1 4 )  c o n d u c te d  a  s y s te m a tic  l ite ra tu re  re v ie w  o f  la b o r  p ro d u c tiv ity  in  

th e  c o n s tru c tio n  in d u s try  a n d  fo u n d  th a t  th e  e x is tin g  k n o w le d g e  c o u ld  b e  c la s s if ie d  in to  th e  

fo llo w in g  re se a rc h  a rea s : th e  e ffe c t o f  v a r ia tio n s  o n  c o n s tru c tio n  la b o r  p ro d u c tiv ity , 

m e th o d s  a n d  te c h n o lo g y  fo r  p ro d u c tiv ity  im p ro v e m e n t, fa c to rs  a ffe c tin g  la b o r  

p ro d u c tiv ity , m o d e lin g  a n d  e v a lu a tio n  o f  c o n s tru c tio n  p ro d u c tiv ity , p ro d u c t iv i ty ’s tre n d s
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a n d  c o m p a r iso n s , a n d  b a s e lin e /b e n c h m a rk in g  c o n s tru c tio n  la b o r  p ro d u c tiv ity . A t th e  

d e ta ile d  lev e l, th e  e x is t in g  k n o w le d g e  o n  la b o r  p ro d u c tiv ity  in v o lv e s  n u m e ro u s  

p ro d u c tiv ity  a sp ec ts , in c lu d in g  lo s s  o f  la b o r  p ro d u c tiv ity ;  th e  im p a c t  o f  w o rk  c h a n g e s  o n  

la b o r  p ro d u c tiv ity ;  th e  e ffe c t o f  e n g in e e r in g  a s p e c ts  o n  p ro d u c tiv ity ;  th e  in f lu e n c e  o f  la b o r  

fo rc e  sk ills  a n d  e x p e r ie n c e  o n  p ro d u c tiv ity ;  a n d  p ro d u c tiv ity  fa c to rs  re la te d  to  m a n a g e m e n t 

a n d  co n tro l p ra c tic e s  o n  c o n s tru c tio n  s ite s , p ro je c t  f in a n c in g  e le m e n ts , a v a ila b ility  a n d  u se  

o f  th e  n e e d e d  m a te r ia l  a n d  e q u ip m e n t, th e  p ro p e r t ie s  o f  th e  p ro je c t, e x te rn a l c o m p o n e n ts , 

m a n p o w e r- re la te d  c h a ra c te r is tic s , te c h n ic a l fa c to rs , a n d  m a n y  o th ers .

C o m b in in g  th e  a fo re m e n tio n e d  h ig h , m e d iu m , a n d  d e ta ile d  le v e ls  w ith  th e  l ite ra tu re  

re v ie w  c o n d u c te d  in  th e  p re v io u s  su b se c tio n , a  c o n c lu s iv e  su m m a ry  w a s  m a d e  o f  th e  

e x is tin g  k n o w le d g e  o n  c o n s tru c tio n  p ro d u c tiv ity . T h e  k n o w le d g e  is  c o n s id e re d  to  fa ll 

u n d e r  th e  fo llo w in g  m a in  c a te g o r ie s :  ( 1 )  p re d ic tio n , m o d e lin g , a n d  e v a lu a tio n  o f  la b o r  

p ro d u c tiv ity , b e c a u s e  i t  is  an  im p o r ta n t  p ie c e  o f  in fo rm a tio n  u s e d  in  n u m e ro u s  

c o n s tru c tio n -re la te d  a sp e c ts ; (2 ) id e n tif ic a t io n  o f  th e  fa c to rs  th a t  a f fe c t  c o n s tru c tio n  la b o r  

p ro d u c tiv ity  a n d  its  v a r ia tio n s , to  b e tte r  u n d e rs ta n d  h o w  to  im p ro v e  th e  p ro d u c tiv ity  o f  th e  

c o n s tru c tio n  w o rk fo rc e ; (3 )  d e v e lo p m e n t o f  p ra c tic a l s tra te g ie s  a n d  b e s t  p ra c tic e s , to  

e n h a n c e  th e  p ro d u c tiv ity  o n  c o n s tru c tio n  s ite s  as w e ll as in  th e  c o n s tru c tio n  in d u s try ; an d  

(4 )  e x a m in a tio n  o f  th e  e ffe c t  o f  d if fe re n t  m e th o d s , te c h n o lo g ie s , a n d  c o n s tra in s  on  

p ro d u c tiv ity  e n h a n c e m e n ts , e ff ic ie n c y , a n d  e ffe c tiv e n e s s  in  d if fe re n t  c o n s tru c tio n  m a rk e ts  

a n d  c o u n tr ie s . T h e  p re v io u s  l ite ra tu re  o n  c o n s tru c tio n  p ro d u c tiv ity  in c lu d e s  q u a lita tiv e , 

q u a n tita tiv e , a n d  m ix e d -m e th o d s  a p p ro a c h e s  (K is i e t a l., 2 0 1 8 )  th a t  a d d re s s  th e  

a fo re m e n tio n e d  d iv e rse  a sp e c ts  o f  c o n s tru c tio n  p ro d u c tiv ity .
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4.3.3. Knowledge Gap. P re v io u s  re s e a rc h  s tu d ie s  m a in ly  fo c u s e d  o n  s tu d y in g  

la b o r  p ro d u c tiv ity  in  th e  c o n s tru c tio n  in d u s try . A lth o u g h  p re v io u s  re s e a rc h  w o rk s  p ro v id e d  

im p o r ta n t  k n o w le d g e  o n  la b o r  p ro d u c tiv ity , n o  p re v io u s  re s e a rc h  w o rk  a tte m p te d  to  s tu d y  

th e  c a u sa lit ie s  a n d  re la tio n s h ip s  b e tw e e n  th e  d y n a m ic  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  

a n d  th e  p ro d u c tiv ity  o f  th e  in d u s try  as a  w h o le . C o n se q u e n tly , th e re  is  a  k n o w le d g e  g a p  in  

th e  l ite ra tu re  in  te rm s  o f  th e  q u a n tif ic a tio n  o f  th e  im p a c ts  o f  d if fe re n t  w o rk fo rc e  an d  

w o rk p la c e  v a r ia b le s  o n  th e  p ro d u c tiv ity  o f  th e  e n tire  c o n s tru c tio n  in d u s try . T h is  s e c tio n  o f  

th e  d is s e r ta t io n  p ro p o se s  a  n e w  v ie w  o f  c o n s tru c tio n  p ro d u c tiv ity  b y  a p p ro a c h in g  i t  f ro m  

th e  p e rs p e c tiv e  o f  th e  e n tire  c o n s tru c tio n  o u tp u t  g e n e ra te d  b y  th e  U S  c o n s tru c tio n  in d u s try  

w ith  re s p e c t  to  to ta l  c o n s tru c tio n  e m p lo y m e n t ra th e r  th a n  th e  in d iv id u a l la b o r  p ro d u c tiv ity  

o f  e a c h  c o n s tru c tio n  w o rk e r  o r  c o n s tru c tio n  w o rk fo rc e  o c c u p a tio n  ( su c h  as e le c tr ic ia n s , 

c a rp e n te rs , a n d  p lu m b e rs , a m o n g  o th e rs ). A lth o u g h  th e  c o n s tru c tio n  in d u s try  p ro d u c e s  a 

la rg e  a m o u n t o f  d a ta  o n  a  p e r io d ic  b a s is , e x is t in g  d a ta  se ts  h a v e  n o t  b e e n  e x p lo ite d  fu lly  

(C a o  a n d  G o h , 2 0 1 9 ) . T o  th is  en d , th is  se c tio n  o f  th e  d is s e r ta t io n  a d d re s s e s  th is  c r itic a l 

k n o w le d g e  g a p  b y  d e v e lo p in g  a  s ta tis tic a l f ra m e w o rk  th a t  c a n  m o d e l th e  c a u sa lit ie s  an d  

th e  re la tio n s h ip s  b e tw e e n  d if fe re n t  d y n a m ic  v a r ia b le s  a n d  c o n s tru c tio n  p ro d u c tiv ity . 

C o n se q u e n tly , th is  se c tio n  o f  th e  d is s e r ta t io n  ta k e s  th e  p re v io u s  re s e a rc h  d ire c tio n s  a  step  

fu r th e r  b y  r ig o ro u s ly  in v e s t ig a tin g  th e  re la tio n s h ip  b e tw e e n  d y n a m ic  w o rk fo rc e  an d  

w o rk p la c e  v a r ia b le s  a n d  th e  o v e ra ll p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try .

4.3.4. Determination of Workforce and Workplace Variables. D if fe re n t  

w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  re la te d  to  c o n s tru c tio n  p ro d u c tiv ity  a re  m e n tio n e d  in  

th e  l ite ra tu re . T h e  e x p re s s io n  ‘w o rk fo rc e  a n d  w o rk p la c e ’ re fe rs  to  th e  v a r ia b le s  re la te d  to  

th e  c o n s tru c tio n  la b o r  fo rc e  a n d  th e  w o rk p la c e ’s w o rk in g  c o n d itio n s . T h is  su b se c tio n
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id e n tif ie s  a n d  d e sc r ib e s  th e s e  v a r ia b le s . D u rd y e v  e t al. (2 0 1 8 )  c o n s id e re d  tu rn o v e r  an  

in f lu e n c in g  fa c to r  o n  c o n s tru c tio n  p ro d u c tiv ity . T u rn o v e r  re fe rs  to  th e  n u m b e r  o f  

c o n s tru c tio n  w o rk e rs  w h o  le a v e  a  c o n s tru c tio n  c o m p a n y . K o c h  (2 0 1 7 )  c o n s id e re d  jo b  

o p e n in g s  to  p la y  a  ro le  in  c o n s tru c tio n  p ro d u c tiv ity  a n d  h ir in g  p ra c tic e s . Jo b  o p e n in g s  

re fe rs  to  th e  to ta l  n u m b e r  o f  o p e n  jo b  v a c a n c ie s  th a t  n e e d  to  b e  f i l le d  b y  a  c o n s tru c tio n  

w o rk e r. R o ja s  a n d  A ra m v a re e k u l (2 0 0 3 )  c o n s id e re d  c o n s tru c tio n  e m p lo y m e n t to  

in v e s t ig a te  w h e th e r  c o n s tru c tio n  la b o r  p ro d u c tiv ity  is  d e c lin in g  a n d  c o m p a re d  i t  w ith  

m a n u fa c tu r in g  la b o r  p ro d u c tiv ity . C o n s tru c tio n  e m p lo y m e n t re fe rs  to  th e  to ta l  n u m b e r  o f  

c o n s tru c tio n  w o rk e rs  in  th e  c o n s tru c tio n  in d u s try . S v e ik a u sk a s  e t al. (2 0 1 6 )  c o n s id e re d  

a v e ra g e  w e e k ly  h o u rs  w o rk e d  in  th e  c o n s tru c tio n  in d u s try  to  m e a s u re  p ro d u c tiv ity  g ro w th . 

A v e ra g e  w e e k ly  h o u rs  re fe r  to  th e  a v e ra g e  h o u rs  p e r  c o n s tru c tio n  w o rk e r  fo r  w h ic h  p ay  

w a s  re c e iv e d . O z tu rk  e t al. (2 0 2 0 )  c o n s id e re d  jo b  lo s s e s  to  c a u se  c h a n g e s  in  p ro d u c tiv ity . 

Jo b  lo sse s  re fe rs  to  th e  to ta l n u m b e r  o f  jo b s  lo s t  b y  c o n s tru c tio n  w o rk e rs  in  th e  c o n s tru c tio n  

in d u s try . S v e ik a u sk a s  e t al. (2 0 1 8 )  c o n s id e re d  th e  v a lu e  o f  c o n s tru c tio n  p u t  in  p la c e  (V IP )  

to  a s se ss  p ro d u c tiv ity  in  th e  c o n s tru c tio n  in d u s try  b e c a u s e  th is  m e a s u re  p ro v id e s  g o o d  

in fo rm a tio n  a b o u t th e  to ta l  c o n s tru c tio n  o u tp u t. V IP  is  a  m e a s u re  o f  th e  v a lu e  o f  

c o n s tru c tio n  w o rk  in s ta lle d  o r  e re c te d  a t c o n s tru c tio n  sites . V e re e n  (2 0 1 3 )  c o n s id e re d  jo b  

g a in s  to  a ffe c t  la b o r  d e m a n d  in  th e  U S  c o n s tru c tio n  in d u s try , w h ic h  in  tu rn  a ffe c ts  

p ro d u c tiv ity . Jo b  g a in s  re fe rs  to  th e  to ta l  n u m b e r  o f  jo b s  g a in e d  b y  c o n s tru c tio n  w o rk e rs  in  

th e  c o n s tru c tio n  in d u s try . A lso , th e  c o n s tru c tio n  in d u s try  h a s  b e e n  n o te d  fo r  i ts  h ig h  

in c id e n t  ra te s  a n d  p o o r  sa fe ty  p e rfo rm a n c e  (A b d u l N a b i e t a l., 2 0 2 0 a ). In  r e la tio n  to  th a t, 

A b re y  a n d  S m a llw o o d  (2 0 1 4 )  c o n s id e re d  in ju r ie s  a n d  i l ln e s se s  as  u n s a tis fa c to ry  w o rk in g  

c o n d itio n s  th a t  im p a c t  p ro d u c tiv ity  in  th e  c o n s tru c tio n  in d u s try . In ju r ie s  a n d  illn e s s e s  re fe r
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to  th e  to ta l  n u m b e r  o f  n o n fa ta l  w o rk p la c e  in ju r ie s  a n d  i l ln e s s e s  th a t  c o n s tru c tio n  w o rk e rs  

e x p e rie n c e . M irh a d i  (2 0 1 8 )  c o n s id e re d  h ire s  to  a ffe c t  th e  e f f ic ie n c y  o f  th e  c o n s tru c tio n  

w o rk fo rc e , a n d  th u s  a lso  c o n s tru c tio n  p ro d u c tiv ity . H ire s  re fe rs  to  th e  to ta l  n u m b e r  o f  

e m p lo y e e s  th a t  w e re  h ire d  in  th e  c o n s tru c tio n  in d u s try . S e tian i a n d  A b d  M a jid  (2 0 1 9 )  

c o n s id e re d  fa ta li t ie s  a n d  sa fe ty  to  b e  a  fa c to r  in f lu e n c in g  p ro d u c tiv ity  in  c o n s tru c tio n  

p ro je c ts . F a ta l i t ie s  re fe rs  to  th e  to ta l  n u m b e r  o f  w o rk p la c e  a c c id e n ts  th a t  le d  to  th e  d e a th  o f  

c o n s tru c tio n  w o rk e rs . K u z n e ts o v a  e t al. (2 0 1 9 )  c o n s id e re d  th a t  th e re  is  a  re la tio n sh ip  

b e tw e e n  p ro d u c tiv ity  a n d  u n e m p lo y m e n t. U n e m p lo y m e n t is  th e  sh a re  o f  th e  c o n s tru c tio n  

la b o r  fo rc e  th a t  is  jo b le s s . H e n d r ic k s o n  (2 0 0 5 )  c o n s id e re d  c h a n g e s  in  a v e ra g e  h o u r ly  

e a rn in g s  to  a f fe c t  th e  p ro d u c tiv ity  m e a s u re  in  th e  c o n s tru c tio n  in d u s try . A v e ra g e  h o u rly  

e a rn in g s  r e fe r  to  th e  a v e ra g e  d o lla r  a m o u n t th a t  c o n s tru c tio n  w o rk e rs  e a rn  p e r  h o u r. In  

a d d itio n , th e  s iz e  a n d  c o n tr ib u tio n  o f  th e  c o n s tru c tio n  in d u s try  to  th e  e c o n o m y  u s u a lly  is 

a s se s se d  as a  p e rc e n ta g e  o f  g ro ss  d o m e s tic  p ro d u c t  (G D P ) (M a h a m id , 2 0 1 3 ). H ig h e r  G D P  

c o u ld  re f le c t  b e tte r  la b o r  w e ll-b e in g , w h ic h  c o u ld  re s u lt  in  a  b e tte r  p ro d u c tiv ity . G D P  is 

th e  m o n e ta ry  v a lu e  o f  a ll f in is h e d  g o o d s  a n d  se rv ic e s  m a d e  w ith in  th e  U S . A llm o n  e t a l., 

(2 0 0 0 )  c o n s id e re d  to ta l  c o m p e n s a tio n  ra te s  a s  a  fa c to r  th a t  a ffe c ts  c o n s tru c tio n  

p ro d u c tiv ity . T o ta l c o m p e n s a tio n  is  th e  c o s t p a id  b y  th e  c o n s tru c tio n  e m p lo y e r  fo r  

c o n s tru c tio n  e m p lo y e e  c o m p e n s a tio n  p e r  h o u r  w o rk e d .

T h e  p re v io u s  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  w e re  c o n s id e re d  fo r  an a ly s is . 

T h e se  v a r ia b le s  w e re  u s e d  b e c a u s e  th e y  w e re  m e n tio n e d  in  th e  l ite ra tu re  a n d  b e c a u s e  th e y  

a re  a v a ila b le  f ro m  re l ia b le  so u rc e s  su c h  as th e  U S  B u re a u  o f  L a b o r  S ta tis tic s  (B L S ), th e  

U S  C e n su s  B u re a u , a n d  th e  U S  B u re a u  o f  E c o n o m ic  A n a ly s is . T h e se  re lia b le  so u rc e s
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4.3.5. Time-Series Analysis and Vector Autoregression. T h is  se c tio n  o f  th e  

d is s e r ta tio n  s tu d ie d  a n d  m o d e le d  th e  im p a c ts  o f  d if fe re n t  w o rk fo rc e  a n d  w o rk p la c e  

v a r ia b le s  o n  th e  p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try . B e c a u s e  th e  c o lle c te d  d a ta  w e re  

t im e  se rie s  s h o w in g  th e  f lu c tu a tio n s  o f  th e  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  w ith  tim e , 

th e  c o lle c te d  d a ta  w e re  m u lt iv a r ia te  t im e  se rie s . V e c to r  a u to re g re s s io n  (V A R )  is  th e  m o s t 

c o m m o n ly  u s e d  s ta tis tic a l te c h n iq u e  fo r  m o d e lin g  a n d  p re d ic tin g  m u lt iv a r ia te  t im e  se rie s  

(S in g h , 2 0 1 8 ) . T h e re fo re , t im e  se rie s  a n a ly s is  a n d  V A R  w e re  d e e m e d  to  b e  fe a s ib le  an d  

su ita b le  fo r  th e  re s e a rc h  o b je c tiv e s  a n d  d a ta  se t o f  th is  s e c tio n  o f  th e  d isse r ta tio n . T h is  

s u b se c tio n  p ro v id e s  th e  n e e d e d  b a c k g ro u n d  in fo rm a tio n  o n  t im e  se rie s  a n a ly s is  a n d  V A R .

4.3.5.1. Overview. T im e  se rie s  r e p re s e n t  th e  c h a n g e s  in  th e  v a lu e s  o f  d y n a m ic  

v a r ia b le s  o v e r  tim e . In  o th e r  w o rd s , t im e  se rie s  a re  th e  s im p le s t  fo rm  o f  te m p o ra l  d a ta , an d  

a re  a  se q u e n c e  o f  rea l n u m b e rs  c o lle c te d  re g u la r ly  in  t im e  (G u n o p u lo s  e t a l., 2 0 0 1 ). S tu d ie s  

u t i l iz in g  t im e -s e r ie s  a n a ly s is  a re  g ro w in g  a t a  v e ry  fa s t  ra te  d u e  to  i ts  w id e  a p p lic a tio n s  in  

a  la rg e  v a r ie ty  o f  re s e a rc h  f ie ld s  (G a o  e t a l., 2 0 1 7 ) . T im e -se r ie s  a n a ly s is  is  a  u se fu l to o l fo r  

b e tte r  u n d e rs ta n d in g  th e  c a u se -a n d -e ffe c t  re la tio n s h ip s  b e tw e e n  d if fe re n t  d y n a m ic  

v a r ia b le s  (K a d ila r  a n d  K a d ila r , 2 0 1 7 ) . In  s im p le  te rm s , t im e -s e r ie s  a n a ly s is  is  a  s ta tis tic a l 

m e th o d  to  m o d e l a n d  p re d ic t  th e  fu tu re  v a lu e s  o f  a  v a r ia b le  b a s e d  o n  p re v io u s ly  o b se rv e d  

v a lu e s  o f  th e  sa m e  v a r ia b le  o r  o th e r  re le v a n t  d y n a m ic  v a r ia b le s  (Y a n g  a n d  L iu , 2 0 1 9 ). 

T im e -se r ie s  s ta tis tic a l a n a ly s is  m e th o d s  a re  d iv id e d  in to  tw o  m a in  ty p e s :  u n iv a r ia te  t im e -  

se rie s  a n a ly s is , a n d  m u lt iv a r ia te  t im e -s e r ie s  a n a ly s is . U n iv a r ia te  t im e -s e r ie s  a n a ly s is  

in c lu d e s  s tu d y in g  a  s in g le  se q u e n c e  o f  v a lu e s  fo r  a  p a r t ic u la r  v a r ia b le . M u lt iv a r ia te  t im e

provide consistent, periodically updated, and well-maintained information and records on

these different variables.
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se rie s  a re  m o re  c o m m o n  in  rea l l ife  a n d  re a l-w o r ld  a p p lic a tio n s  d u e  to  th e  in h e re n t 

c o m p le x it ie s  o f  d e a lin g  w ith  tw o  o r  m o re  d y n a m ic  v a r ia b le s  (W a n g  e t a l., 2 0 1 7 a ). 

A lth o u g h  m a n y  m e th o d s  e x is t  to  a n a ly z e /p re d ic t  t im e -s e r ie s  d a ta , su c h  as m o v in g  a v e ra g e , 

e x p o n e n tia l  sm o o th in g , a n d  a u to re g re s s iv e  m o v in g  a v e ra g e , a m o n g  o th e rs  (B ro w n le e , 

2 0 1 8 ) , V A R  is  th e  m o s t  c o m m o n ly  u s e d  s ta tis tic a l te c h n iq u e  fo r  m o d e lin g  a n d  p re d ic tin g  

m u lt iv a r ia te  t im e  se rie s  (S in g h , 2 0 1 8 ) . V A R  is  a  s ta tis tic a l m o d e lin g  te c h n iq u e  th a t  

e x p re s se s  th e  te rm s  in  a  m u lt iv a r ia te  t im e  se rie s  o f  K  d y n a m ic  v a r ia b le s  as  a  l in e a r  

c o m b in a tio n  o f  th e  p r e v io u s p  v a lu e s  o f  th e  K  v a r ia b le s  (A b d u -A g u y e  a n d  G o m a a , 2 0 1 8 ).

4.3.5.2. Previous studies. D u e  to  th e  n u m e ro u s  b e n e f i ts  o f  V A R , su ch  as  g o o d  

fo re c a s t in g  c a p a b ili t ie s , s im p lic ity  o f  im p le m e n ta tio n , a n d  e a se  o f  e s tim a tio n  (A n g g ra e n i, 

2 0 1 6 ) , it  h a s  b e e n  w id e ly  u s e d  in  a  v a r ie ty  o f  a p p lic a tio n s  (W a n g  a n d  D in g , 2 0 1 8 )  su c h  as 

e c o n o m ic , f in a n c e , c o n s tru c tio n  m a n a g e m e n t, a n d  e n g in e e r in g , a m o n g  o th e rs . In  re la tio n  

to  p re v io u s  s tu d ie s  th a t  u s e d  t im e  se rie s  a n d  te m p o ra l  d a ta  a n a ly s is  in  th e  c o n s tru c tio n  

e n g in e e r in g  a n d  m a n a g e m e n t a rea , L in g a rd  e t al. (2 0 1 7 )  e x a m in e d  th e  te m p o ra l 

re la tio n s h ip  b e tw e e n  th e  sa fe ty  p e rfo rm a n c e  in d ic a to rs  to  u n c o v e r  t im e -d e p e n d e n t  cau sa l 

re la tio n sh ip s . C a o  a n d  G o h  (2 0 1 9 )  u s e d  t im e -s e r ie s  a n a ly s is  to  id e n tify  th e  le a d in g  

in d ic a to rs  o r  p re d ic to rs  o f  c o n s tru c tio n  a c c id e n ts , a n d  th e y  d e v e lo p e d  th re e  d if fe re n t  t im e -  

se rie s  m o d e ls  fo r  p re d ic tin g  a c c id e n ts ’ o c c u rre n c e s . X u  a n d  L in  (2 0 1 6 )  u s e d  V A R  to  

a n a ly z e  th e  in f lu e n c in g  fa c to rs  le a d in g  to  c h a n g e s  in  c a rb o n  d io x id e  e m is s io n s  in  th e  

c o n s tru c tio n  in d u s try  to  d e v e lo p  a p p ro p r ia te  e n e rg y  p o lic y  a n d  p la n n in g  fo r  th e  iro n  an d  

s tee l in d u s try . F a g h ih  a n d  K a sh a n i (2 0 1 8 )  re l ie d  o n  t im e -s e r ie s  a n a ly s is  to  fo re c a s t  th e  

sh o rt-  a n d  lo n g -te rm  p r ic e s  o f  c o n s tru c tio n  m a te r ia ls  b a s e d  o n  a  se t o f  re le v a n t  e x p la n a to ry  

v a r ia b le s . L e e  e t al. (2 0 1 6 )  d e v e lo p e d  a  v e c to r  e rro r  c o rre c tio n  m o d e l to  p e rfo rm  an
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e m p ir ic a l a n a ly s is  o f  th e  im p a c t  o f  d iv e rs if ic a t io n  o n  c o n s tru c tio n  c o m p a n ie s ’ in so lv e n c y . 

I lb e ig i e t al. (2 0 1 7 )  u s e d  t im e -s e r ie s  a n a ly s is  to  fo re c a s t  th e  a s p h a lt-c e m e n t p r ic e  an d  

e x a m in e  w h e th e r  a n d  h o w  tim e -s e r ie s  fo re c a s t in g  m o d e ls  c a n  p re d ic t  fu tu re  p r ic e s  o f  

a s p h a lt-c e m e n t w ith  h ig h e r  a c c u ra c y  th a n  th e  e x is t in g  a p p ro a c h e s . L in  e t al. (2 0 1 8 )  u t i l iz e d  

t im e -s e r ie s  to  f in d  c o rre la t io n s  b e tw e e n  in te lle c tu a l c a p ita l a n d  b u s in e s s  p e rfo rm a n c e  to  

e n a b le  c o rp o ra tio n s  to  sh a p e  p o lic y  d e c is io n s  th a t  b e n e f i t  b u s in e s s  p e rfo rm a n c e . S w ei e t 

al. (2 0 1 7 )  e m p lo y e d  u n iv a r ia te  t im e -s e r ie s  m o d e ls  to  p ro je c t  fu tu re  c o s ts  a n d  p r ic e s  o f  

c o n c re te  a n d  a s p h a lt  b a s e d  o n  a  p ro b a b il is t ic  a p p ro a c h . V e re e n  (2 0 1 3 )  d e v e lo p e d  a  V A R  

m o d e l to  fo re c a s t  th e  la b o r  d e m a n d  a n d  fo u n d  th a t  5 .3 -6 .3  m il l io n  sk ille d  w o rk e rs  w ill b e  

in  d e m a n d  b y  2 0 2 2 . B e c a u s e  th e  c o n s tru c tio n  in d u s try  is  a  p ro je c t-b a s e d  in d u s try , w ith  

p ro je c ts  ta k in g  se v era l m o n th s  a n d  y e a rs  to  c o m p le te , th e  m o n th ly  p ro d u c tiv ity  o f  th e  

c o n s tru c tio n  in d u s try  g e n e ra lly  is  c o n s id e re d  to  b e  d e p e n d e n t o n  i ts  p re v io u s  la g g e d  v a lu e s . 

T h e re fo re , t im e  se rie s  a n d  V A R  w e re  e m p lo y e d  to  m o d e l a n d  p re d ic t  th e  p ro d u c tiv ity  o f  

th e  c o n s tru c tio n  in d u s try .

4.4. METHODOLOGY

A s sh o w n  in  F ig u re  4 .1 , th e  fo llo w e d  m e th o d o lo g y  is  c o m p o s e d  o f  d if fe re n t  s teps. 

D e ta ils  o n  e a c h  o n e  o f  th e s e  s te p s  a re  p ro v id e d  in  th e  n e x t  su b se c tio n s . I t  is  w o r th  

m e n tio n in g  th a t  th e  u s e d  d a ta  a n d  th e  fo llo w e d  m e th o d o lo g y  in  th is  se c tio n  o f  th e  

d is s e r ta tio n  a re  s lig h tly  d if fe re n t  th a n  th e s e  re p o r te d  in  th e  w o rk  o f  A ss a a d  a n d  E l-a d a w a y  

(2 0 2 1 c ). T h e re fo re , s lig h tly  d if fe re n t re su lts  a re  o b ta in e d  in  th is  d is s e r ta t io n  as  c o m p a re d  

to  th e  w o rk  o f  A ss a a d  a n d  E l-a d a w a y  (2 0 2 1 c ) .
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Tim e-Series Data Collection
--------------------- 2006-2019_________
I.  Productivity of the construction industry

i. Value of construction put in place
ii. Total construction employments
iii. Average weekly hours 

Z. Gross domestic product 
3. Job openings
A. Job hires
5. Turnover or job separations
6. Total compensation
7. Gross job gains
8. Gross job losses
9. Average hourly earnings
10. Fatalities
I I .  Occupational injuries and illnesses 
12. Unemployment rate

Data Division and
Statistical Exam ination  
------------------------------------->

VAR M odeling and Prediction

1. Determine the lag order p based on the 
least Bayesian information criterion (BIC)

2. Fitting VAR statistical framework based on 
the differenced and dimensionally 
reduced training set

3. Statistical examination of the serial
correlation of residuals or errors using the 
Durbin Watson (DW) test statistic +

4. Forecasting the 'productivity of the 
construction industry' variable on the 
testing set

5. Inverting the differenced forecasted time 
series to get the predicted 'productivity of 
the construction industry’ for the time 
period of the testing set

€. Testing or validation of the developed VAR 
statistical model based on the mean 
average percentage error

Fitting VAR model

Statistical Data Analysis

1. Splitting the data into 90%  training and 10%  
testing

2. Statistical unit root testing on the training set
i. Exam ination of the stationarity o f the  

collected tim e series data
ii. A ugm ented D ickey-Fu llertest
ii i.  D ifferencing the tim e series until all of 

them  becom e stationary (if needed)

3. Granger causality test on the training set to 
determ ine the relevant dynam ic variables

i. Statistical analysis o f the causalities  
betw een the differenced variables: 
'productiv ity  of the construction industry' 
on one hand and the other 11 dynam ic  
w orkforce and w orkplace variables on the 
other hand

ii. Dropping irrelevant variable(s) w ith no 
statistical G ranger-causality w ith the 
response variable (productivity of the  
construction industry)

4. Statistical cointegration relationship testing on 
the undifferenced training set

i. Exam ination of the presence of long-term  
statistically significant relationships  
betw een the variables

ii. Study w heth er there is a stable  
com bination of the tim e series

ii i.  Johansen cointegration test

F ig u re  4 .1  R e s e a rc h  m e th o d o lo g y  (V A R : v e c to r  a u to re g re s s io n ) .

4.4.1. Data Collection and Description. T h e  c o lle c te d  d a ta  in c lu d e d  th e  fo llo w in g  

14 d y n a m ic  w o rk fo rc e -  a n d  w o rk p la c e - re la te d  v a ria b le s :  V IP , to ta l  c o n s tru c tio n  

e m p lo y m e n t, a v e ra g e  w e e k ly  h o u rs , G D P , jo b  o p e n in g s , jo b  h ire s , tu rn o v e r  o r  jo b  

se p a ra tio n s , to ta l  c o m p e n s a tio n  [ in c lu d e s  w a g e s  a n d  sa la r ie s , a n d  to ta l  b e n e f i ts  ( in su ra n c e  

a n d  re tire m e n t)] , g ro ss  jo b  g a in s , g ro ss  jo b  lo sse s , a v e ra g e  h o u r ly  e a rn in g s , w o rk - re la te d  

fa ta li tie s , w o rk - re la te d  o c c u p a tio n a l in ju r ie s  a n d  illn e s se s , a n d  u n e m p lo y m e n t  ra te . T h e  

V IP  d a ta  w e re  c o lle c te d  f ro m  th e  U S  C e n s u s  B u re a u . T h e  d a ta  fo r  to ta l  c o n s tru c tio n
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e m p lo y m e n t, a v e ra g e  w e e k ly  h o u rs , to ta l  c o m p e n sa tio n , u n e m p lo y m e n t ra te , jo b  o p e n in g s , 

jo b  h ire s , tu rn o v e r , g ro ss  jo b  g a in s , g ro ss  jo b  lo sse s , a v e ra g e  h o u r ly  e a rn in g s , fa ta litie s , 

a n d  o c c u p a tio n a l in ju r ie s  a n d  i l ln e s s e s  w e re  c o lle c te d  f ro m  th e  U S  B L S . G D P  w a s  

c o lle c te d  f ro m  th e  F e d e ra l R e s e rv e  E c o n o m ic  D a ta  (F R E D )  a t th e  F e d e ra l R e s e rv e  B a n k  

o f  S t .  L o u is  (d a ta  f ro m  U S  B u re a u  o f  E c o n o m ic  A n a ly s is ) .  A ll c o lle c te d  d a ta  w e re  

c o n v e rte d  to  a  m o n th ly  t im e -s te p  b y  in te rp o la tio n  a n d  th e  a d d itio n  o f  a  v a r ia b il i ty  o r  n o ise  

d is tr ib u tio n  w h e n e v e r  n e e d e d . T a b le  4 .1  s u m m a riz e s  th e  v a r ia b le s  u s e d  in  th is  se c tio n  o f  

th e  d is s e r ta tio n  a n d  th e ir  a s so c ia te d  so u rces .

T a b le  4.1 U s e d  v a r ia b le s  a n d  th e ir  s o u rc e s .

V a r ia b le S o u rc e
T o ta l c o m p e n s a tio n U S  B u re a u  o f  L a b o r  S ta tis tic s
A v e ra g e  h o u r ly  e a rn in g s U S  B u re a u  o f  L a b o r  S ta tis tic s
U n e m p lo y m e n t U S  B u re a u  o f  L a b o r  S ta tis tic s
F a ta lit ie s U S  B u re a u  o f  L a b o r  S ta tis tic s
G D P U S  B u re a u  o f  E c o n o m ic  A n a ly s is
H ire s U S  B u re a u  o f  L a b o r  S ta tis tic s
O c c u p a tio n a l in ju r ie s  a n d  i lln e s se s U S  B u re a u  o f  L a b o r  S ta tis tic s
G ro ss  jo b  g a in s U S  B u re a u  o f  L a b o r  S ta tis tic s
G ro ss  jo b  lo sse s U S  B u re a u  o f  L a b o r  S ta tis tic s
Jo b  o p e n in g s U S  B u re a u  o f  L a b o r  S ta tis tic s
T u rn o v e r U S  B u re a u  o f  L a b o r  S ta tis tic s
T o ta l c o n s tru c tio n  e m p lo y m e n ts U S  B u re a u  o f  L a b o r  S ta tis tic s
V a lu e  o f  c o n s tru c tio n  p u t  in  p la c e U S  C e n su s  B u re a u
A v e ra g e  w e e k ly  h o u rs U S  B u re a u  o f  L a b o r  S ta tis tic s

C o n s tru c tio n  p ro d u c tiv ity a
U S  B u re a u  o f  L a b o r  S ta tis tic s  a n d  U S  C e n su s  
B u re a u

C a lc u la te d  u s in g  E q u a tio n  (1 2 )

A c c o rd in g  to  S v e ik a u sk a s  e t al. (2 0 1 8 ), p ro d u c tiv ity  c a n  b e  c a lc u la te d  as th e  ra tio  

o f  to ta l  c o n s tru c tio n  o u tp u t  to  to ta l  h o u rs  w o rk e d . T h e  p ro d u c tiv ity  o f  th e  c o n s tru c tio n
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industry, which is the response variable, was obtained from the collected data using

Equation (12).

P r o d u c t i v i t y  =
A

B X C X D (1 2 )

w h e re  A  is  th e  to ta l  v a lu e  o f  c o n s tru c tio n  p u t  in  p la c e  ($ /m o n th ) ;  B  is  to ta l c o n s tru c tio n  

e m p lo y m e n ts  (e m p lo y e e /m o n th ) ;  C  is  to ta l  a v e ra g e  w e e k ly  h o u rs  (h o u rs /w e e k s ) ;  a n d  D  =  

4  (w e e k s /m o n th ) .

T h re e  o f  th e  c o lle c te d  v a r ia b le s  w e re  u s e d  to  c a lc u la te  th e  p ro d u c tiv ity  o f  th e  

c o n s tru c tio n  in d u s try : V IP , to ta l  c o n s tru c tio n  e m p lo y m e n t, a n d  a v e ra g e  w e e k ly  h o u rs . 

T h e re fo re , th e  f in a l se t o f  th e  v a r ia b le s  u s e d  in  th e  s ta tis tic a l a n a ly s is  in c lu d e d  th e  

c a lc u la te d  p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try  u s in g  E q u a tio n  (1 2 )  a n d  th e  o th e r  11 

d y n a m ic  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s . A lth o u g h  th e s e  v a r ia b le s  h a v e  d if fe re n t 

sc a le s  o f  m e a s u re m e n t, th e  s ta tis tic a l c a u sa lit ie s  a n d  re la tio n s h ip s  b e tw e e n  th e m  c a n  b e  

e x a m in e d . F o r  in s ta n c e , M c G o w a n  (2 0 1 9 )  fo u n d  th a t  a  1%  in c re a s e  in  th e  la b o r  

u n e m p lo y m e n t ra te  d e c re a se s  c o n s tru c tio n  v a lu e  b y  $ 1 2  b ill io n . A lso , S h a h a n d a sh ti  an d  

A sh u ri (2 0 1 6 )  u s e d  tim e -s e r ie s  a n a ly s is  a n d  v e c to r  c o rre c tio n  m o d e ls  to  p re d ic t  th e  n a tio n a l 

h ig h w a y  c o n s tru c tio n  c o s t in d e x  (N H C C I)  b a s e d  o n  m a n y  p o te n tia l  le a d in g  

in d ic a to rs /v a r ia b le s  su ch  as  to ta l  e m p lo y m e n t in  th e  c o n s tru c tio n  in d u s try , a v e ra g e  w e e k ly  

h o u rs , b u ild in g  p e rm its , h o u s in g  s ta rts , a n d  u n e m p lo y m e n t  ra te , a m o n g  o th e rs ;  th e s e

v a r ia b le s  h a v e  d if fe re n t sc a le s  o f  m e a su re m e n t.
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A  s tu d y  p e r io d  f ro m  2 0 0 6  to  2 0 1 9 , in c lu s iv e , w a s  s e le c te d  fo r  th e  c o lle c te d  

d a ta /v a r ia b le s . T h is  ra n g e  w a s  se le c te d  fo r  th e  s tu d y  p e r io d  b e c a u s e  th e  v a r ia b le  a v e ra g e  

w e e k ly  h o u rs  w a s  n o t  re c o rd e d  b e fo re  2 0 0 6 . B e c a u s e  th is  v a r ia b le  w a s  u s e d  to  c a lc u la te  

th e  o u tp u t v a r ia b le  to ta l  p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try  [E q u a tio n  (1 2 )] , n o  v a lu e s  

fo r  th e  m o d e l’s o u tp u t  v a r ia b le  c o u ld  b e  o b ta in e d  b e fo re  2 0 0 6 . T h is  m e a n s  th a t  n o  m o d e l 

c o u ld  b e  d e v e lo p e d  b e fo re  th e  2 0 0 6  y e a r. In  a d d itio n , th e  v a r ia b le  ‘a v e ra g e  h o u r ly  

e a rn in g s ’ w a s  n o t  re c o d e d  b e fo re  2 0 0 6 . H e n c e fo r th , c o n s tru c tio n  p ro d u c tiv ity  re fe rs  to  th e  

p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try  as  a  w h o le .

4.4.2. Statistical Analysis. T h e  m a in  s ta tis tic a l m e th o d s  u s e d  w e re  u n i t  ro o t 

te s tin g , G ra n g e r  c a u sa lity  te s tin g , a n d  c o in te g ra t io n  te s tin g .

4.4.2.I. Data division. T h e  f ir s t  s tep  fo r  th e  s ta tis tic a l a n a ly s is  is  to  d iv id e  th e  d a ta  

in to  tra in in g  a n d  te s t in g  se ts  b e fo re  c o n d u c tin g  an y  fu r th e r  a n a ly s is  so  th a t  n o  d a ta  le a k a g e  

o c c u rs  in  th e  c o n d u c te d  s ta tis tic a l te s ts  a n d  th e  d e v e lo p e d  V A R  m o d e l. T h a t  sa id , th e  d a ta  

w a s  d iv id e d  in to  9 0 %  tra in in g  se t a n d  1 0 %  te s t in g  se t b e c a u s e  th e  to ta l  n u m b e r  o f  d a ta  

p o in ts  ( i.e ., s a m p le s)  is  168 w h ic h  is  re la tiv e ly  sm all. In  o th e r  w o rd s , to  m a k e  su re  th a t  

e n o u g h  d a ta  p o in ts  a re  p re s e n t  fo r  tra in in g  th e  V A R  m o d e l, a  9 0 % -1 0 %  d iv is io n  sc h em e  

w a s  a p p lie d  as c o m p a re d  to  o th e r  d iv is io n  sc h e m e s  ( su c h  as 7 0 % -3 0 % , 8 0 % -2 0 % , o r  o th e r  

d iv is io n  sc h em e s). T o  th is  en d , th e  s ta tis tic a l te s ts  a n d  th e  V A R  m o d e l w e re  c o n d u c te d  on  

th e  tra in in g  se t f ro m  Ja n u a ry  2 0 0 6  till  Ju ly  2 0 1 8  in c lu s iv e  (w h ic h  is  151 m o n th s  b e c a u s e  it  

is  a ro u n d  9 0 %  o f  th e  to ta l  168 d a ta  p o in ts ) , a n d  th e  V A R  m o d e l w a s  te s te d  a n d  v a lid a te d  

o n  th e  te s t in g  se t f ro m  A u g u s t  2 0 1 8  to  D e c e m b e r  2 0 1 9  in c lu s iv e  (w h ic h  is  17 m o n th s  

b e c a u s e  i t  is  a ro u n d  10%  o f  th e  to ta l  168 d a ta  p o in ts ) .
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4.4.2.2. Unit root test. The minimum number of times d  that a time series needs 

to be differenced (i.e., subtractions between consecutive observations) for transformation 

to a stationary time series is the called the order of integration (Faghih and Kashani, 2018; 

Shahandashti and Ashuri, 2013). In this case, the associated time series is said to be 

integrated of order d  and denoted by I(d). In relation to that, Faghih and Kashani (2018) 

provided that time series should be successively tested for integration of order 0, I(0), the 

first order of integration, I(1), the second order of integration, I(2), and so on.

Since identifying the order of integration shall precede other statistical tests 

(Granger causality and cointegration tests) as only variables with the same order of 

integration can be further used (Shahandashti and Ashuri, 2013), the first test conducted 

was to check the stationarity of the time series on the training set (before conducting any 

other statistical test or analysis). This was stressed by Shahandashti and Ashuri (2013) by 

stating that a unit root test shall be conducted to identify the order of integration of the 

variables before implementing any further statistical tests. In addition, it is critical to 

identify whether the variables are stationary before developing the VAR model because 

the model can be applied only to stationary time series (Shahandashti and Ashuri, 2016). 

Stationary time series are those in which the means, variances, and autocorrelation 

structures do not change over time (Faghih and Kashani, 2018). Stationarity can be 

assessed using a unit root test (Lee et al., 2019a). If the time-series data are not stationary, 

they should be made stationary before developing the VAR model by differencing, which 

eliminates trends’ changes by subtracting an earlier value from a later value. This section 

of the dissertation implemented the widely used augmented Dickey-Fuller (ADF) test 

(Dickey and Fuller, 1979). The formulation of the ADF test is shown in Equation (13).
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A yt = a  + $ t  + y y t- i  + Zf= 1 ^  A y t- t + u t (13)

where t = time index; yt = time-series value corresponding to time t; Ayt = lagged first 

differences (that is, yt-yt-i); a  = intercept constant (drift term); = coefficient of time trend; 

and 6 coefficient to test if  the data need to be differentiated to make them stationary.

The null hypothesis Ho of the ADF test is that the time-series data have a unit root; 

that is, they are nonstationary. The ADF test generates a p-value that should be compared 

with a significance level of 0.05 to determine whether the null hypothesis is rejected. 

Differencing should be applied to all time series until all of them become stationary. The 

order of integration represents the number of differencings required to make a 

nonstationary time series stationary. Once all the time series are rendered stationary, the 

Granger causality test can be applied to study the causalities between the different variables 

and determine the explanatory variables causing fluctuations in the response variable 

(Abediniangerabi et al., 2017).

4.4.2.3. Determination of relevant variables using Granger causality testing.

Before proceeding with developing a VAR model, it is quite common to conduct the 

Granger causality test, which is developed by Granger (1969). The Granger causality test 

is a statistical technique used in multivariate time-series analysis to examine whether the 

lagged values of one variable helps to predict another variable (Swei, 2020). In other words, 

the Granger causality test is used to identify the leading indicators or the relevant variables 

that affect the response variable (Shiha et al., 2020). In simple terms, if  a multivariate time 

series comprises two variables yn and y2t, then Equation (14) is used to investigate the one 

lagged causality between these two variables.
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p { y i t> y 2t )  =  a . i *  y u - 1  +  ^ 2  * y 2 t-1 +  b (14)

The null hypothesis Ho of the Granger test is that there is no causality between y it and y2t, 

that is, a2=0 [Equation (14)]. In other words, the null hypothesis states that y2t does not 

Granger-cause yu. Failing to reject H0 means that y2t does not Granger-cause yu; therefore, 

there is no causality between them. In this case, the variable y2t should not be considered 

in the set of variables used to develop the VAR statistical model. For a lag order p, the 

general statistical formulation of the Granger causality test for two variables can be 

represented by Equation (15) (Lutkepohl et al., 2004).

y ^ t  _  y p
y 2 t\ =  L i = 1

O i i t

a 21i
“ 1 2 *1 \ y i t - i
a 22i\ [ y 2 t - 1

+  U t (15)

where i = 1, 2, ..., p; and a 12i = 0 if y2t does not Granger-cause yu.

Since the Granger causality test is effective only when the time series are stationary 

(Shahandashti and Ashuri, 2016; Papana et al., 2014), the Granger causality test was 

conducted on the differenced, stationary, training set to establish the causalities between 

the response variable productivity of the construction industry and the other 11 potentially 

related variables with a significance level of 0.05. It is worth mentioning that a maximum 

lag of 24 months which is equivalent to 2 years was used for the Granger causality test. In 

relation to that, and according to Shahandashti and Ashuri (2013), a variable is considered 

explanatory or relevant to predict the output variable if the null hypothesis is rejected in at 

least one of the specified lag lengths for the Granger causality test. Therefore, only the
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4.4.2.4. Cointegration relationship testing. A fte r  c o n d u c tin g  th e  G ra n g e r  

c a u sa lity  te s t  a n d  d e te rm in in g  th e  re le v a n t  p r e d ic to r /in p u t v a r ia b le s , th e  t ra in in g  se t w a s  

d im e n s io n a lly  re d u c e d  so  th a t  to  in c lu d e  o n ly  th e  re le v a n t  p re d ic to r  v a r ia b le s . A f te r  th a t ,  

th e  c o in te g ra t io n  b e tw e e n  v a r ia b le s  w a s  e x a m in e d . S in c e  th e  m a in  a im  b e h in d  th e  G ra n g e r  

c a u sa lity  te s t  im p le m e n te d  in  th is  se c tio n  o f  th e  d is s e r ta tio n  is  to  fo c u s  o n  o n e -w a y  

c a u sa lity  as to  id e n tify  th e  p re d ic to r  v a r ia b le s  th a t  s ta t is t ic a lly  c a u se s  th e  o u tp u t  v a r ia b le  

‘p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s t ry ’— as i t  w a s  u s e d  in  p re v io u s  w o rk s  su c h  as 

F a g h ih  a n d  K a sh a n i (2 0 1 8 ), th e  c o in te g ra t io n  te s t  w a s  im p le m e n te d  a f te r  th e  G ra n g e r  

c a u sa lity  te s t. In  o th e r  w o rd s , i t  is  n o t  m a n d a to ry  to  te s t  th e  c o in te g ra t io n  b e fo re  te s t in g  th e  

c a u sa lity  b u t  r a th e r  c o in te g ra t io n  te s t in g  c o u ld  b e  p e rfo rm e d  a f te r  G ra n g e r  c a u sa lity  te s t  as 

p e rfo rm e d  b y  m a n y  s tu d ie s  su ch  as th e  w o rk  o f  W o n g  a n d  N g  (2 0 1 0 )  a n d  F a g h ih  an d  

K a s h a n i (2 0 1 8 )  as e x a m p le s . In  re la tio n  to  th a t, F a g h ih  a n d  K a sh a n i (2 0 1 8 )  s ta te d  th a t, to  

im p le m e n t th e  c o in te g ra t io n  te s t, a  m o d e l n e e d s  to  b e  c re a te d  u s in g  th e  v a r ia b le s  th a t  th e  

G ra n g e r  c a u sa lity  te s t  id e n tif ie d  as in d ic a to rs  o f  th e  fu tu re  v a lu e s  o f  th e  e x p la in e d  v a ria b le . 

T h is  a p p ro a c h  w a s  u s e d  b y  m a n y  e x is t in g  re s e a rc h  s tu d ie s  su c h  as S h a h a n d a sh ti  a n d  A sh u ri 

(2 0 1 3 )  a n d  S h a h a n d a sh ti  a n d  A sh u ri (2 0 1 6 ), ju s t  to  n a m e  few .

T h is  se c tio n  o f  th e  d is s e r ta t io n  u s e s  th e  J o h a n s e n ’s c o in te g ra t io n  te s t  d u e  to  i ts  w id e  

u s e  (M a h a d e v a n  a n d  A s a fu -A d ja y e , 2 0 0 7 ) . T h is  c o in te g ra t io n  te s t  id e n tif ie s  th e  n u m b e r  o f  

c o in te g ra tin g  re la tio n s h ip s  r  in  a  g ro u p  o f  v a r ia b le s , a n d  th e  c o rre s p o n d in g  n u ll  h y p o th e s is  

is  th a t  th e  n u m b e r  o f  c o in te g ra t in g  re la tio n s h ip s  r  is  le s s  th a n  o r  eq u a l to  a  sp e c if ic  v a lu e  

th a t  v a r ie s  f ro m  0 to  th e  n u m b e r  o f  c o n s id e re d  v a r ia b le s  m in u s  1. F o r  e x a m p le , i f  r  <  0 is

minimum p-values among the different considered lag lengths are reported in this section

of the dissertation.
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rejected for a set of variables, then it can be concluded that there is at least one cointegrating 

relationship in the considered set if  variables. According to Faghih and Kashani (2018), to 

implement the cointegration test, an unrestricted VAR model needs to be created using the 

variables that the Granger causality test identified and the lag length is determined in such 

a way that the model selection criterion is minimized (Faghih and Kashani, 2018). In 

relation to that, the Akaike information criterion (AIC) is commonly used for the 

cointegration testing as implemented by Shahandashti and Ashuri (2016) and Ashuri et al. 

(2012), just to name few. Thus the, the AIC was used to identify the lag lengths for the 

cointegration testing based on the minimum AIC. It is to be noted that the Johansen 

cointegration test is implemented by assuming or considering that the data has no 

deterministic terms.

While the Johansen’s cointegration test is a procedure for testing cointegration of 

several, say k, I(1) time series (Johansen, 1991), it can also be used for I(2) time series 

(Johansen, 1995). Moreover, it is to be noted that although a good deal of progress has been 

made when it comes to modelling with a mixture of, for example, both I(2) and I(1) data, 

there are still lots of important questions waiting to be addressed (Giles, 2012) as there is 

no unified, common, or standard way to deal with variables with a mixture of integration 

orders (as it is the case in this section of the dissertation where some of the variables are 

I(0), other variables are I(1), and others are I(2) as detailed later). However, one simple and 

recommended way in such cases is to make sure that all the variables should be integrated 

of the same order (Kestel, 2013), which was performed in this section of the dissertation. 

In other words, Faghih and Kashani (2018) stated that a prior condition for a cointegration 

test is that all of the variables under evaluation should be integrated in the same order.
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F u r th e rm o re , i t  is  w o r th  m e n tio n in g  th a t  th e  J o h a n s e n ’s c o in te g ra t io n  te s t  sh o u ld  b e  

p e rfo rm e d  o n  th e  le v e l fo rm  o f  th e  v a r ia b le s  a n d  n o t  o n  th e ir  d if fe re n c e d  fo rm s  (A d e le y e , 

2 0 1 8 ).

T h e  p u rp o se  o f  th e  c o in te g ra t io n  te s t  is  to  s tu d y  th e  lo n g - te rm  re la tio n s h ip s  b e tw e e n  

th e  v a r ia b le s  (L iu  e t a l., 2 0 1 9 a ). T h e  lo n g -te rm  re la tio n s h ip  is  in v e s t ig a te d  b y  th e  

c o in te g ra tio n  tes t, w h ic h  id e n tif ie s  w h e th e r  tw o  o r  m o re  t im e  se rie s  a re  in te g ra te d  to g e th e r  

in  a  w a y  th a t  th e y  c a n n o t d e v ia te  f ro m  e q u ilib r iu m  in  th e  lo n g  te rm  (C o rp o ra te  F in a n c e  

In s ti tu te , 2 0 2 0 ) . A  lo n g - te rm  re la tio n s h ip  e x is ts  b e tw e e n  v a r ia b le s  w h e n  th e y  sh a re  a 

s im ila r  tre n d  b y  b e in g  a s so c ia te d  to g e th e r  o v e r  t im e  ra th e r  th a n  b e in g  c o rre la te d  a t a 

sp e c if ic  o r  in s ta n ta n e o u s  t im e . In  s im p le  te rm s , e v e n  i f  th e  v a r ia b le s  d e v ia te  f ro m  e a ch  

o th e r  in  th e  sh o rt- te rm , th e y  te n d  to  r e tu rn  to  th e  tre n d  in  th e  lo n g - te rm  i f  th e y  a re  

c o in te g ra te d  (W ei, 2 0 1 6 ) . E r ic a  (2 0 2 0 )  p ro v id e s  m o re  d e ta ils  o n  th e  c o in te g ra t io n  te s t  an d  

th e  lo n g -te rm  re la tio n sh ip  b e tw e e n  v a r ia b le s . In  a d d itio n , th e  c o in te g ra t io n  te s t  a n a ly z e s  

w h e th e r  th e re  is  a  s ta b le  c o m b in a tio n  o f  th e  d if fe re n t  t im e -s e r ie s  d a ta  (L e e  e t a l., 2 0 1 9 a ). 

W h e n  tw o  o r  m o re  t im e  se rie s  a re  c o in te g ra te d , th is  in d ic a te s  th e y  h a v e  a  lo n g - te rm  

s ta tis t ic a lly  s ig n if ic a n t re la tio n sh ip . T h e  n u ll h y p o th e s is  H 0 o f  th e  J o h a n se n  te s t  is  th a t  th e re  

is  n o  c o in te g ra t io n  b e tw e e n  th e  v a r ia b le s  (E ll io t t  a n d  P e s a v e n to , 2 0 0 9 ) . T h e  tra c e  s ta tis t ic  

is  c a lc u la te d  fo r  th e  J o h a n se n  c o in te g ra t io n  te s t, a n d  i t  is  c o m p a re d  w ith  th e  c ritic a l t ra c e  

s ta tis t ic  v a lu e  a t 9 5 %  (R a c h e v  e t a l., 2 0 0 7 ). T h e  t ra c e  te s t  re je c ts  th e  n u ll h y p o th e s is  i f  th e  

tra c e  s ta tis t ic  e x c e e d s  th e  c ritic a l v a lu e . In  o th e r  w o rd s , i f  th e  n u ll  h y p o th e s is  is  re je c te d , 

th e re  is  a  s ta tis t ic a lly  s ig n if ic a n t re la tio n s h ip  b e tw e e n  th e  c o rre s p o n d in g  tw o  v a ria b le s . 

U lt im a te ly , a c c o rd in g  to  A d e le y e  (2 0 1 8 ), i f  th e re  is  c o in te g ra t io n  th e n  th is  (1 )  im p lie s  th a t  

th e  se rie s  in  q u e s tio n  a re  re la te d  a n d  th e re fo re  c a n  b e  c o m b in e d  in  a  l in e a r  f a s h io n ;  (2 )
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m e a n s  th a t  e v e n  i f  th e re  a re  sh o c k s  in  th e  sh o rt  ru n , w h ic h  m a y  a ffe c t  m o v e m e n t in  th e  

in d iv id u a l se rie s , th e  se rie s  w o u ld  c o n v e rg e  w ith  t im e  ( in  th e  lo n g  ru n ); (3 )  re f le c ts  th a t  

b o th  lo n g -ru n  a n d  sh o rt- ru n  m o d e ls  sh a ll b e  e s tim a te d ; a n d  (3 )  p ro v id e s  th a t  th e  e s tim a tio n  

w ill  r e q u ire  th e  u s e  o f  V A R  m o d e lin g  as w e ll as v e c to r  e rro r  c o rre c tio n  m o d e l (V E C M ) 

a n a ly s is . O n  th e  o th e r  h a n d , a n d  a c c o rd in g  to  A d e le y e  (2 0 1 8 ), i f  th e re  is  n o  c o in te g ra tio n  

th e n  o n ly  th e  V A R  (a n d  n o t  th e  V E C M ) sh a ll b e  e s tim a te d  ( i.e ., o n ly  sh o rt- ru n  m o d e l sh a ll 

b e  o f  in te re s t) . In  re la tio n  to  th a t, a c c o rd in g  to  G ile s  (2 0 1 1 ), n o  m a tte r  w h a t  is  c o n c lu d e d  

a b o u t c o in te g ra tio n , su c h  c o n c lu s io n  w ill n o t  a ffe c t th e  s te p s  o f  th e  a n a ly s is  b u t  r a th e r  it  

p ro v id e s  a  p o s s ib le  c ro s s -c h e c k  o n  th e  re su lts . A c c o rd in g  to  K e s te l  (2 0 1 3 ), i f  th e  v a r ia b le s  

a re  n o n -s ta tio n a ry  in  th e ir  lev e l fo rm s  a n d  th e y  a re  n o t  c o in te g ra te d , th e n  th e y  f ir s t  h a v e  to  

b e  d iffe re n c e d  d  t im e s  ( i.e ., u n til  th e y  b e c o m e  s ta tio n a ry )  a n d  th e n  a  V A R  m o d e l is  

d e v e lo p e d  in  d iffe re n c e , w h ic h  is  th e  a p p ro a c h  fo llo w e d  in  th is  se c tio n  o f  th e  d isse r ta tio n .

4.4.2.5. Vector autoregression modeling and prediction. T h e  la g  o r d e r p  fo r  th e  

f in a l V A R  m o d e l c a n  b e  i te ra t iv e ly  d e te rm in e d  b y  f it tin g  in c re a s in g  o rd e rs  o f  th e  V A R  

m o d e l o n  th e  d iffe re n c e d , s ta tio n a ry , d im e n s io n a lly  re d u c e d  tra in in g  se t a n d  b y  c h o o s in g  

th e  la g  o rd e r  p  th a t  g iv e s  a  m o d e l w ith  th e  lo w e s t  B a y e s ia n  in fo rm a tio n  c r i te r io n  (B IC ) 

(S w e i e t a l., 2 0 1 7 ; A y h a n  a n d  T o k d e m ir , 2 0 2 0 ). W h e n  th e  la g  o rd e r  p  is  d e te rm in e d , th e  

V A R  s ta tis tic a l m o d e l is  f i t te d  to  q u a n ti ta t iv e ly  e x a m in e  th e  r e la tio n s h ip s  b e tw e e n  th e  

d if fe re n t  t im e  se ries.

F o r  tw o  t im e  se rie s  y n  a n d  y 2t, th e  a s so c ia te d  V A R  s ta tis tic a l m o d e l fo r  a  la g  o rd e r  

o f  2  is  sh o w n  in  E q u a tio n  (16).

P { y i t> y 2 t )  =  a n  * y i t-1  +  a i2  * y i t-2 +  a 2 i  * y 2 t-1 +  ^ 2 2  * y 2 t-2 +  b  (1 6 )
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If the VAR model is applicable to multivariate time series with K  variables and a 

lag order of p, the general representation of a VAR model is shown in Equation (17) 

(Lutkepohl et al., 2004).

Y t — A 1Y t - 1 +  — + A p Y t - p +  U t (17)

where Yt = (yit, ..., yKt) is a set of K  time-series variables; Ap = (k x k) coefficient matrix; 

and Ut = set of unobservable error terms (Lutkepohl et al., 2004).

After fitting the VAR model based on the differenced, stationary, dimensionally 

reduced time-series training data, the examination of the serial correlation of residuals 

(errors) should be conducted (Prabhakaran, 2019). Serial correlation is important to check 

if there is any leftover pattern in the obtained residuals (errors) from the VAR model 

(Prabhakaran, 2019). Checking for serial correlation ensures that the fitted VAR model is 

sufficiently able to explain the variances and patterns in the time series (Prabhakaran, 

2019). The Durbin-Watson (DW) statistic was calculated using Equation (18) to examine 

the serial correlation of residuals.

D W  —
Z t= 2 (et - e t- i ) 2

(1 8 )

where DW = Durbin-Watson statistic; and et = residuals at time t.

The DW statistic will always assume a value between 0 and 4 where a value close 

to 2 indicates that there is no autocorrelation (Corporate Finance Institute, 2021). When the 

value is considerably below 2, it indicates a positive autocorrelation, and where the value
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is  c o n s id e ra b ly  h ig h e r  th a n  2  in d ic a te s  a  n e g a tiv e  se ria l c o rre la tio n  (C o rp o ra te  F in a n c e  

In s ti tu te , 2 0 2 1 ). In  r e la tio n  to  th a t, v a lu e s  o f  D W  te s t  s ta tis t ic  in  th e  ra n g e  1 -3  a re  re la tiv e ly  

n o rm a l, a n d  an y  v a lu e  o u ts id e  th is  ra n g e  is  a  c a u se  fo r  c o n c e rn  (F ie ld , 2 0 1 3 ).

B e c a u s e  th e  V A R  m o d e l w a s  f it te d  o n  th e  s ta tio n a ry  d iffe re n c e d  d a ta  se rie s , th e  

f in a l p re d ic tio n s  w e re  o b ta in e d  b y  in v e r t in g  ( th a t is, in te g ra t in g )  th e  p re d ic te d  d iffe re n c e d  

d a ta  se rie s. T h e  p re d ic tio n  a c c u ra c y  o f  th e  f it te d  V A R  s ta tis t ic a l  m o d e l w a s  d e te rm in e d  

b a s e d  o n  th e  m e a n  a b s o lu te  p e rc e n ta g e  e r ro r  (M A P E ) sh o w n  in  E q u a tio n  (19).

M A P E  =
100
—  I nt = i

y t - y t
yt

(1 9 )

w h e re  M A P E  =  m e a n  a b so lu te  p e rc e n ta g e  e rro r; n  =  n u m b e r  o f  o b s e rv a tio n s  d u r in g  

p re d ic tio n  p e rio d ; y t =  ac tu a l v a lu e ; a n d  y t =  p re d ic te d  v a lu e  u s in g  d e v e lo p e d  V A R  m o d e l.

T h e  P y th o n  p ro g ra m m in g  la n g u a g e  w a s  u s e d  fo r  d a ta  m a n a g e m e n t, s ta tis tic a l 

a n a ly s is , a n d  v isu a liz a tio n . T h e  fo llo w in g  l ib ra r ie s  w e re  u s e d :  p a n d a s , w h ic h  g e n e ra lly  is  

u s e d  fo r  d a ta  m a n ip u la t io n /m a n a g e m e n t o f  n u m e ric a l ta b le s  a n d  d a ta  s tru c tu re s ; n u m p y , 

w h ic h  g e n e ra lly  is  u se d  to  a d d  s u p p o rt fo r  la rg e  a n d  m u lt id im e n s io n a l  a rra y s  a n d  m a tr ic e s  

a n d  to  p ro v id e  h ig h - le v e l  m a th e m a tic a l fu n c tio n s ; m a tp lo tlib , w h ic h  g e n e ra lly  is  u s e d  fo r  

d a ta  p lo tt in g  a n d  v isu a liz a tio n ;  a n d  s ta tsm o d e ls , w h ic h  g e n e ra lly  is  u s e d  to  c o n d u c t 

s ta tis tic a l te s ts , s ta tis tic a l d a ta  e x p lo ra tio n , a n d  e s tim a tio n  o f  d if fe re n t s ta tis t ic a l  m o d e ls .

4.5. STATISTICAL EXAMINATION

T h is  s u b se c tio n  p ro v id e s  a ll d e ta ils  re la te d  to  s ta tis t ic a l  e x a m in a tio n  o f  th e  data . 

F ig u re  4 .2  sh o w s  th e  c o lle c te d  t im e  se rie s  d a ta  w ith  m o n th ly  t im e  in te rv a l.
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After collecting and visualizing the data, the stationarity of the data series was

investigated. The obtained results of the unit root test are listed in Table 4.2.

T a b le  4 .2  O b ta in e d  re s u lts  o f  th e  s ta tio n a ry  tes t.

V a r ia b le
p -v a lu e  fo r  n o  

d if fe re n c in g
p -v a lu e  fo r  f ir s t  

d if fe re n c in g

p -v a lu e  fo r  
se c o n d  

d if fe re n c in g
C o n s tru c tio n  p ro d u c tiv ity 0 .8 7 3 8 < 0 .0 0 0 1 a < 0 .0 0 0 1 a
T o ta l c o m p e n s a tio n 0 .9 5 9 3 0 .0 0 5 6 a < 0 .0 0 0 1 a
A v e ra g e  h o u r ly  e a rn in g s 0 .9 7 2 8 < 0 .0 0 0 1 a < 0 .0 0 0 1 a
U n e m p lo y m e n t 0 .0 3 5 1 a 0 .4 6 6 9 < 0 .0 0 0 1 a
F a ta l i t ie s 0 .0 0 5 5 a 0 .4 3 4 8 < 0 .0 0 0 1 a
G D P 0 .9 9 8 7 0 .3 2 9 7 0 .0 0 0 4 a
H ire s 0 .2 6 0 9 0 .0 3 0 2 a < 0 .0 0 0 1 a
O c c u p a tio n a l in ju r ie s  a n d  
i lln e s se s

0 .0 0 0 7 a 0 .6 7 6 6 < 0 .0 0 0 1 a

G ro ss  jo b  g a in s 0 .0 0 5 1 a 0 .0 4 3 9 a < 0 .0 0 0 1 a
G ro ss  jo b  lo sse s 0 .5 8 9 5 0 .0 0 6 9 a < 0 .0 0 0 1 a
Jo b  o p e n in g s 0 .9 4 4 2 0 .0 2 0 8 a < 0 .0 0 0 1 a
T u rn o v e r 0 .4 4 8 8 0 .0 0 1 a < 0 .0 0 0 1 a

ap -v a lu e  <  0 .0 5  s ig n if ic a n c e , m e a n in g  th a t  th e  n u ll h y p o th e s is  is  re je c te d ; th e re fo re , th e  
se rie s  is  s ta tio n a ry .

O n ly  fo u r  o f  th e  o r ig in a l c o lle c te d  m u lt iv a r ia te  t im e -s e r ie s  d a ta  w e re  s ta tio n a ry  

(T a b le  4 .2 , C o lu m n  2): u n e m p lo y m e n t, fa ta li tie s , o c c u p a tio n a l in ju r ie s  a n d  illn e ss , an d  

g ro ss  jo b  g a in s . T h e re fo re , th e  d a ta  sh o u ld  b e  d if fe re n c e d  so  th a t  a ll t im e  se rie s  a re  

s ta tio n a ry  b e fo re  c o n s tru c tin g  th e  V A R  m o d e l. A f te r  th e  f ir s t  d if fe re n c in g  (T a b le  4 .2 , 

C o lu m n  3), e ig h t v a r ia b le s  w e re  s ta tio n a ry : c o n s tru c tio n  p ro d u c tiv ity , to ta l  c o m p e n sa tio n , 

a v e ra g e  h o u r ly  e a rn in g s , h ire s , g ro ss  jo b  g a in s , g ro ss  jo b  lo sse s , jo b  o p e n in g s , a n d  tu rn o v e r . 

B e c a u s e  n o t  a ll t im e  se rie s  w e re  d iffe re n c e d , a  se c o n d  d iffe re n c in g  o f  th e  d a ta  w a s  n e e d ed . 

A f te r  th e  se c o n d  d iffe re n c in g  o f  th e  d a ta , a ll th e  t im e  se rie s  w e re  re n d e re d  s ta tio n a ry  (T a b le

4 .2 , c o lu m n  4).
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Before building the VAR statistical model, the Granger causality test was 

conducted. The obtained results are listed in Table 4.3. The null hypothesis was rejected 

for six variables. In other words, and since the null hypothesis means that the input variable 

does not Granger-cause the output variable (Shahandashti and Ashuri, 2016), the following 

variables were considered to Granger-cause the variable productivity of the construction 

industry because they have a p-value less than or equal to the significance level of 0.05: 

total compensation; average hourly earnings; unemployment rate; GDP; occupational 

injuries and illnesses, and job openings. Therefore, only these variables were included in 

the VAR statistical model developed for modeling and predicting the productivity of the 

construction industry.

Table 4.3 Results of Granger causality test between productivity of construction industry 
and other dynamic workforce and workplace variables.

Null hypothesis (H0) p-value
Total compensation does not Granger-cause construction productivity 0.0122a
Average hourly earnings do not Granger-cause construction productivity 0.0416a
Unemployment does not Granger-cause construction productivity <0.0001a
Fatalities do not Granger-cause construction productivity 0.0725
GDP does not Granger-cause construction productivity 0.0086a
Hires do not Granger-cause construction productivity 0.0526
Occupational injuries and illnesses do not Granger-cause construction 
productivity 0.0114a

Gross job gains do not Granger-cause construction productivity 0.3037
Gross job losses do not Granger-cause construction productivity 0.0888
Job openings do not Granger-cause construction productivity 0.0055a
Turnover does not Granger-cause construction productivity 0.0789

ap-value < 0.05 significance, meaning that the null hypothesis is rejected; therefore, there 
is causality with the response variable productivity of the construction industry
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T h e  c o in te g ra tio n  re la tio n s h ip s  b e tw e e n  th e  s e le c te d /re le v a n t  v a r ia b le s  a n d  th e  

o u tp u t  v a r ia b le  (a ll c o m b in e d )  w a s  e x a m in e d  u s in g  th e  J o h a n s e n ’s te s t  s ta tis tic , a n d  th e  

o b ta in e d  re su lts  a re  g iv e n  in  T a b le  4 .4 .

T a b le  4 .4  O b ta in e d  re su lts  fo r  th e  c o in te g ra t io n  te s t.

H y p o th e s is O b ta in e d  te s t  s ta tis t ic C r itic a l te s t  s ta tis t ic  a t 9 5 % C o in te g ra tio n ? a
r  =  0 3 2 5 .7 8 1 1 1 .7 7 9 7 T ru e
r  <  1 2 0 7 .8 8 3 .9 3 8 3 T ru e
r  <  2 116 .6 4 6 0 .0 6 2 7 T ru e
r  <  3 6 3 .4 8 4 0 .1 7 4 9 T ru e
r  <  4 2 9 .9 7 2 4 .2 7 6 1 T ru e
r  <  5 8 .6 6 1 2 .3 2 1 2 F a lse
r  <  6 0 .0 4 .1 2 9 6 F a lse

aI f  th e  o b ta in e d  te s t  s ta tis t ic  is  g re a te r  th a n  th e  c ritic a l te s t  s ta tis t ic  a t 9 5 % , th e n  th e  n u ll 
h y p o th e s is  c o rre s p o n d in g  to  th e  ra n k  lev e l is  re je c te d .

T h e  ra n k  r  =  0 re fe rs  to  th e  n u ll h y p o th e s is  H 0 th a t  th e re  is  n o  c o in te g ra t io n  b e tw e e n  

th e  v a r ia b le s . S in c e  th e  o b ta in e d  te s t  s ta tis t ic  fo r  r  =  0 w a s  g re a te r  th a n  th e  c ritic a l te s t  

s ta tis t ic  a t 9 5 %  (R o w  2  in  T a b le  4 .4 ) , th e n  th e  n u ll h y p o th e s is  H 0 is  re je c te d , w h ic h  re f le c ts  

th a t  th e re  is  c o in te g ra t io n  b e tw e e n  a t le a s t  1 o f  th e  v a r ia b le s . S im ila r  lo g ic  a n d  a n a ly s is  

c o u ld  b e  a p p lie d  to  th e  c a se s  w h e re  r  <  1, r  <  2 , r  <  3, a n d  r  <  4  w h ic h  re f le c t  th a t  th e re  a re  

a t le a s t  2  c o in te g ra t in g  re la tio n s h ip s  (i.e ., r  >  1), a t le a s t  3 c o in te g ra t in g  re la tio n s h ip s  (i.e ., 

r  >  2 ), a t le a s t  4  c o in te g ra t in g  re la tio n s h ip s  ( i.e ., r  >  3), a n d  a t le a s t  5 c o in te g ra tin g  

re la tio n s h ip s  (i.e ., r  >  4 ), re sp e c tiv e ly . F o r  th e  ra n k  c a se s  w h e re  r  <  5 a n d  r  <  6, s in c e  th e  

o b ta in e d  te s t  s ta tis t ic  w a s  le s s  th a n  th e  c o rre s p o n d in g  c ritic a l te s t  s ta tis t ic  a t 9 5 % , th e n  th e  

a s so c ia te d  n u ll h y p o th e s e s  c a n n o t b e  re je c te d . T h is  re f le c ts  th a t  th e re  a re  a t m o s t  5 

c o in te g ra tin g  re la tio n s h ip s  ( i.e ., r  <  5) a n d  a t m o s t  6 c o in te g ra t in g  re la tio n s h ip s  ( i.e ., r  <  6),
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4.6. VECTOR AUTOREGRESSION MODEL AND PREDICTION

T h e  V A R  s ta tis tic a l f ra m e w o rk  w a s  d e v e lo p e d  b e tw e e n  th e  r e s p o n s e  v a r ia b le  

p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try , i ts  la g g e d  v a lu e s , a n d  th e  fo llo w in g  d y n a m ic  

w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  d e te rm in e d  b y  th e  G ra n g e r  c a u sa lity  te s t :  to ta l 

c o m p e n s a tio n ;  a v e ra g e  h o u r ly  e a rn in g s ;  u n e m p lo y m e n t ra te ;  G D P ; o c c u p a tio n a l in ju r ie s  

a n d  illn e s se s , a n d  jo b  o p e n in g s . T h e  V A R  m o d e l w a s  f i t te d  o n  th e  s ta tio n a ry , d iffe re n c e d , 

d im e n s io n a lly  re d u c e d , tra in in g  d a ta  se rie s . T h e  la g  o rd e r  p  fo r  th e  V A R  m o d e l w a s  

d e te rm in e d  b y  f it tin g  in c re a s in g  o rd e rs  o f  V A R  m o d e ls  a n d  c h o o s in g  th e  la g  o rd e r  p  w ith  

th e  lo w e s t  B IC . T h e  o b ta in e d  B IC  re su lts  fo r  th e  d if fe re n t  la g  o rd e rs  a re  l is te d  in  T a b le  4 .5 .

respectively. It could be concluded from the results in Table 4.4 that not all variables are

cointegrated. Hence, only the VAR (without VECM) shall be estimated (Adeleye, 2018).

T a b le  4 .5  B IC  re su lts  fo r  d if fe re n t V A R  la g  o rd e rs .

L a g  o rd e r  p B IC
0 14.7
1 12.81
2 1 1 .2 7 a
3 12 .04
4 12.91
5 13.41
6 14 .44
7 15.31
8 16.41
9 17 .32

10 17.55
11 18.38
12 19 .04
13 19.7

aL o w e s t  B IC ; th e re fo re , a  la g  o rd e r  o f  2  w a s  se le c te d  fo r  th e  V A R  m o d e l.
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T h e  m in im u m  B IC  c o r re s p o n d e d  to  a  la g  o r d e r p  o f  2  (T a b le  4 .5 ). T h e re fo re , a  lag  

o rd e r  o f  2  w a s  se le c te d  fo r  d e v e lo p in g  th e  V A R  s ta tis tic a l m o d e l fo r  th e  c o n s tru c tio n  

p ro d u c tiv ity  v a ria b le . A  V A R  m o d e l w a s  f itte d , a n d  th e  o b ta in e d  re su lts  a re  l is te d  in  T a b le

4 .6 .

T a b le  4 .6  F itte d  V A R  s ta tis tic a l m o d e l fo r  th e  c o n s tru c tio n  p ro d u c tiv ity .

L a g g e d  v a r ia b le C o e f f i c ie n t
L 1 .G ro s s  P ro d u c tiv ity -0 .8 0 5 3 4
L 1 .T o ta l C o m p e n s a tio n 2 4 .1 9 1 3 3
L 1 .A v e ra g e  H o u r ly  E a rn in g s -2 1 .2 2 1 9
L 1 .U n e m p lo y m e n t R a te -0 .4 4 3 7 7
L 1 .G D P 0 .0 0 6 8
L 1 .O c c u p a tio n a l  In ju r ie s  a n d  I lln e sse s -0 .3 7 5 8 6
L 1 .Jo b  O p e n in g s 0 .0 6 7 2 6 5
L 2 .G ro s s  P ro d u c tiv ity -0 .2 5 9 1 4
L 2 .T o ta l C o m p e n s a tio n -1 9 .4 2 1 8
L 2 .A v e ra g e  H o u r ly  E a rn in g s -6 .4 4 7 3 2
L 2 .U n e m p lo y m e n t R a te -1 .0 8 6 1 9
L 2 .G D P -0 .0 2 1 4
L 2 .O c c u p a tio n a l  In ju r ie s  a n d  I lln e sse s -0 .5 1 6 9 1
L 2 .Jo b  O p e n in g s 0 .0 4 5 5 4 3
C o n s ta n t 0 .1 5 1 5 5 9

aC o e ff ic ie n ts  w e re  o b ta in e d  fo r  th e  d if fe re n c e d  (w ith  an  o rd e r  o f  2 )  d a ta  se rie s , a n d  th u s  
th e y  d o  n o t  re f le c t  th e  d ire c t  im p a c t  o f  th e  d if fe re n t  la g g e d  v a r ia b le s  o n  th e  v a lu e  o f  th e  
c o n s tru c tio n  p ro d u c tiv ity  itse lf .

T a b le  4 .6  g iv e s  th e  d e v e lo p e d  V A R  s ta tis tic a l m o d e l. T h e  V A R  m o d e l w a s  

d e v e lo p e d  b y  o b ta in in g  th e  c o e ff ic ie n t  a s so c ia te d  w ith  e a c h  la g g e d  v a ria b le . F o r  in s ta n c e , 

th e  c o e ff ic ie n t  f o r  th e  o n e -la g g e d  d if fe re n c e d  p ro d u c tiv ity  v a r ia b le  is  -0 .8 0 5 3 4 , th e  

c o e ff ic ie n t  f o r  th e  o n e - la g g e d  d if fe re n c e d  to ta l c o m p e n s a tio n  v a r ia b le  w a s  2 4 .1 9 1 3 3 , an d  

so  o n  (se e  T a b le  4 .6 ). T h e  h ig h e s t  c o e ff ic ie n t  in  a b s o lu te  v a lu e  w a s  th a t  re la te d  to  th e  o n e - 

la g g e d  d iffe re n c e d  to ta l  c o m p e n s a tio n  v a r ia b le , w h ic h  m e a n s  th a t  th is  la g g e d  v a r ia b le
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c o n tr ib u te d  th e  m o s t  to  th e  f lu c tu a tio n s  in  c o n s tru c tio n  p ro d u c tiv ity . T h e  lo w e s t  c o e ff ic ie n t 

in  a b so lu te  v a lu e  w a s  th a t  re la te d  to  th e  o n e - la g g e d  d iffe re n c e d  G D P  v a ria b le , w h ic h  

in d ic a te s  th a t  th is  la g g e d  v a r ia b le  c o n tr ib u te d  th e  le a s t  to  th e  f lu c tu a tio n s  in  c o n s tru c tio n  

p ro d u c tiv ity .

T h e  se ria l c o rre la tio n  o f  th e  e rro rs  w a s  c h e c k e d  u s in g  D W  sta tis tic . T h is  is 

im p o r ta n t  to  e x a m in e  i f  th e re  is  an y  le f to v e r  p a tte rn  in  th e  re s id u a ls  ( e r ro rs )  o b ta in e d  fro m  

th e  V A R  m o d e l. T h e  D W  s ta tis t ic  o b ta in e d  w a s  2 .2 , w h ic h  is  b e tw e e n  1 a n d  3; th e re fo re , 

th e  d e v e lo p e d  V A R  m o d e l is  su ff ic ie n tly  a b le  to  e x p la in  th e  v a r ia n c e s  a n d  p a tte rn s  in  th e  

t im e  se rie s  (P ra b h a k a ra n , 2 0 1 9 ; F ie ld , 2 0 1 3 ). C o n se q u e n tly , th e  d e v e lo p e d  V A R  m o d e l 

w a s  te s te d  a n d  v a lid a te d  b y  p re d ic tin g  th e  c o n s tru c tio n  p ro d u c tiv ity  o n  th e  te s t in g  set. T h e  

f in a l p re d ic tio n s  w e re  g e n e ra te d  a f te r  in v e r t in g  th e  p re d ic te d  d if fe re n c e d  d a ta  se rie s . T o  

a s se s s  a n d  v a lid a te  th e  d e v e lo p e d  V A R  s ta tis tic a l m o d e l, th e  M A P E  w a s  c a lc u la te d  to  

e v a lu a te  th e  m o d e l’s p re d ic tio n s . F ig u re  4 .3  sh o w s  th e  ac tu a l a n d  p re d ic te d  v a lu e s  fo r  th e  

p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try  u s in g  th e  d e v e lo p e d  V A R  m o d e l.

2000

1000

1750

1250

250

____ Predicted
Actual

— - —  — _____ ------
— — — — -1— — — — — — - —

Aug Sep Oct Nov Dec jan Feb Mar Apr May Jun jul Aug Sep Oct Nov Dec
2018 2018 2018 2018 2018 2019 2019 2019 2019 2019 2019 2019 2019 2019 2019 2019 2019

F ig u re  4 .3  P re d ic t io n  o f  th e  c o n s tru c tio n  p ro d u c tiv ity  u s in g  th e  f i t te d  V A R  m o d e l.
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T h e  d e v e lo p e d  V A R  s ta tis t ic a l  m o d e l fo r  th e  p ro d u c tiv ity  o f  th e  c o n s tru c tio n  

in d u s try  h a d  a  M A P E  o f  4 % , w h ic h  is  c o n s id e re d  to  b e  a c c e p ta b le  b e c a u s e  it  is  le s s  th a n  

10% , w h ic h  is  th e  g e n e ra lly  a c c e p te d  M A P E  fo r  a  ro b u s t  p re d ic tio n  m o d e l (F a n  e t a l., 

2 0 1 0 ) . H e n c e , th e  d e v e lo p e d  V A R  s ta tis tic a l m o d e l is  p e rc e iv e d  to  b e  a  g o o d  f ra m e w o rk  

th a t  c a n  b e  u s e d  to  m o d e l a n d  p re d ic t  th e  p ro d u c tiv ity  o f  th e  e n tire  c o n s tru c tio n  in d u s try .

4.7. ANALYSIS OF FINDINGS

T h e  f in d in g s  o f  th e  u n i t  ro o t  te s t  in d ic a te d  th a t  w h e n  th e  c o lle c te d  t im e s -s e r ie s  d a ta  

w e re  d iffe re n c e d  tw ic e , a ll th e  t im e -s e r ie s  v a r ia b le s  b e c a m e  s ta tio n a ry . T h is  m e a n s  th a t  

th e re  w a s  n o  s to c h a s tic  t re n d  in  th e  d iffe re n c e d  t im e  se rie s , w h ic h  o f te n  is  re fe rre d  to  as 

ra n d o m  w a lk  w ith  d r if t  (S h ife ra , 2 0 1 9 ) . T h e re fo re , th e  d if fe re n c e d  c o n s tru c tio n  

p ro d u c tiv ity  v a r ia b le  a n d  th e  d y n a m ic  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  d id  n o t  p o s se s s  

a  u n i t  ro o t, a n d  th u s  th e y  d id  n o t  h a v e  a  p a tte rn  th a t  is  u n p re d ic ta b le  (S o d iq  O la w a le , 2 0 1 9 ). 

A c c o rd in g  to  G le n  (2 0 1 6 b ), th is  is  a  d e s ira b le  p ro p e r ty  b e c a u s e  th e  e x is te n c e  o f  a  u n i t  ro o t 

c a n  c re a te  se r io u s  is su e s , in c lu d in g  s p u rio u s  re g re s s io n s  (a  h ig h  c o e ff ic ie n t  o f  

d e te rm in a tio n  e v e n  i f  th e  d a ta  a re  u n c o rre la te d )  a n d  e rra n t b e h a v io r  o r  in v a lid  in fe re n c e s  

(d u e  to  a s su m p tio n s  fo r  a n a ly s is  n o t  b e in g  v a lid ) . T h e  f in d in g s  o f  th e  G ra n g e r  te s t  r e f le c te d  

o n  th e  s tru c tu re s  o f  th e  c a u sa l re la tio n s h ip s  b e tw e e n  th e  d if fe re n t  v a r ia b le s  a n d  th e  re sp o n se  

v a r ia b le  c o n s tru c tio n  p ro d u c tiv ity . S p e c if ic a lly , th e  f in d in g s  h ig h lig h te d  th a t  s ix  o f  th e  

v a r ia b le s  (6  o f  th e  11 d y n a m ic  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s )  a re  u se fu l fo r  p re d ic tin g  

c o n s tru c tio n  p ro d u c tiv ity . T h e re fo re , i t  is  in fe r re d  th a t  th e  f lu c tu a tio n s  in  c o n s tru c tio n  

p ro d u c tiv ity  a re  a s so c ia te d  w ith  c o rre s p o n d in g  c h a n g e s  in  th e  6 p re d ic to r  v a r ia b le s , an d  

h e n c e  h a v e  a  ro b u s t  p a tte rn  o f  G ra n g e r  c a u sa lity . In  o th e r  w o rd s , c o n s tru c tio n  p ro d u c tiv ity
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is  a f fe c te d  b y  6 o f  th e  d y n a m ic  w o rk fo rc e -  a n d  w o rk p la c e - re la te d  v a r ia b le s  c o n s id e re d  in  

th is  se c tio n  o f  th e  d is se r ta tio n . T h u s , th e  o b ta in e d  re su lts  ju s t i f ie d  th e  ra t io n a le  b e h in d  

c o n d u c tin g  th is  re s e a rc h  a n d  h a v e  s ta tis t ic a lly  p ro v e d  th e  c o n c e p t o f  p ro d u c tiv ity  fo r  th e  

e n tire  c o n s tru c tio n  in d u s try .

T h e  o b ta in e d  f in d in g s  f ro m  th e  V A R  m o d e l p ro v id e d  in s ig h ts  o n  th e  p a r t ic u la r  

re la tio n s h ip s  b e tw e e n  th e  v a r ia b le s . M o re  sp e c if ic a lly , th e  d y n a m ic  n a tu re  o f  th e  v a r ia b le s  

w a s  d e te rm in e d  b y  in v e s t ig a tin g  d if fe re n t  o rd e rs  fo r  th e  le a d s  a n d  la g s  in  th e  t im e  se rie s  

d a ta . I t  w a s  fo u n d  th a t  a  la g  o rd e r  o f  2  b e s t  m o d e le d  th e  f lu c tu a tio n s  in  c o n s tru c tio n  

p ro d u c tiv ity . T h is  in d ic a te s  th a t  th e  c h a n g e s  in  th e  w o rk fo rc e -  a n d  w o rk p la c e - re la te d  

v a r ia b le s  fo r  tw o  p e r io d s  o r  s te p s  h a v e  a  re le v a n t  im p a c t  o n  th e  c o n s tru c tio n  p ro d u c tiv ity . 

B e c a u s e  i t  is  d if f ic u lt  to  in te rp re t  th e  la rg e  n u m b e r  o f  c o e ff ic ie n ts  in  a  V A R  m o d e l 

(S ta n s la u s , 2 0 1 7 ) , th is  se c tio n  o f  th e  d is s e r ta t io n  d id  n o t  fo c u s  o n  th e  in d iv id u a l 

in te rp re ta t io n  o f  th e  o b ta in e d  c o e ff ic ie n ts , h o w e v e r  th e  c o e ff ic ie n ts  c o u ld  s till b e  o f  v a lu e  

to  b e tte r  u n d e rs ta n d  th e  n a tu re  o f  th e  im p a c t  o f  e a c h  d y n a m ic  v a r ia b le  o n  th e  c o n s tru c tio n  

p ro d u c tiv ity . T o  c h e c k  i f  th e  d e v e lo p e d  V A R  m o d e l is  su ff ic ie n tly  a b le  to  e x p la in  th e  

v a r ia n c e s  a n d  p a tte rn s  in  th e  t im e  se rie s , th e  se ria l c o rre la t io n  o f  th e  e r ro r  te rm s  o r  re s id u a ls  

w a s  in v e s t ig a te d  u s in g  th e  D W  s ta tis tic . S e ria l c o rre la tio n  o c c u rs  w h e n  th e  e rro r  te rm s  o f  

a  t im e  se rie s  a re  t ra n s fe r re d  f ro m  o n e  p e r io d  to  a n o th e r ; th a t  is, w h e n  th e  e r ro r  in  a  p e r io d  

is  c o rre la te d  w ith  th e  e rro r  in  a  su b s e q u e n t p e r io d  (G len , 2 0 1 6 a ). F o r  e x a m p le , an  

o v e re s t im a te  o f  th e  c o n s tru c tio n  p ro d u c tiv ity  fo r  o n e  m o n th  w o u ld  re s u lt  in  a n  o v e re s tim a te  

o f  th e  c o n s tru c tio n  p ro d u c tiv ity  fo r  th e  su b s e q u e n t m o n th . T h is  w o u ld  le a d  to  b ia se s , an d  

th u s  se ria l c o rre la tio n  o f  e rro r  te rm s  is  n o t  d e s ire d  b e c a u s e  i t  c a n  le a d  to  m y ria d  p ro b le m s, 

in c lu d in g  b u t  n o t  l im ite d  to  in e f f ic ie n t  e s tim a tio n  o f  th e  c o e ff ic ie n ts , u n d e re s t im a tio n  o f
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th e  e rro r  v a r ia n c e , a n d  u n d e re s t im a tio n  o f  th e  v a r ia n c e  o f  th e  c o e ff ic ie n ts , a m o n g  m a n y  

o th e r  is su e s  (N C S S , 2 0 0 6 ) . T h e  f in d in g s  in d ic a te  th a t  th e  o b ta in e d  D W  s ta tis t ic  w a s  2 .2 , 

w h ic h  is  a  d e s ira b le  v a lu e  b e c a u s e  i t  l ie s  b e tw e e n  1 a n d  3 (F ie ld , 2 0 1 3 ). T h u s , th e  f in d in g s  

c o n c lu d e d  th a t  th e  d e v e lo p e d  V A R  s ta tis tic a l f ra m e w o rk  is  su ff ic ie n tly  a b le  to  e x p la in  th e  

v a r ia n c e s  a n d  p a tte rn s  in  th e  t im e  se rie s. F in a lly , th e  p re d ic tio n  a c c u ra c y  o f  th e  d e v e lo p e d  

V A R  m o d e l w a s  a c c e p ta b le , w ith  a  M A P E  o f  4% .

4.8. SUMMARY

T h is  s e c tio n  o f  th e  d is s e r ta t io n  id e n tif ie d  a  c ritic a l g a p  in  th e  b o d y  o f  k n o w le d g e  in  

te rm s  o f  c o n s tru c tio n  p ro d u c tiv ity . S p e c if ic a lly , p re v io u s  re s e a rc h  w o rk s  c o n c e n tra te d  on  

la b o r  p ro d u c tiv ity , w ith o u t s tu d y in g  w h e th e r  th e  p ro d u c tiv ity  c o u ld  b e  a s se s se d  fo r  th e  

e n tire  c o n s tru c tio n  in d u s try . T h is  se c tio n  o f  th e  d is se r ta tio n  e x a m in e d  a n d  q u a n tif ie d  th e  

im p a c ts  o f  d if fe re n t  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  o n  th e  p ro d u c tiv ity  o f  th e  e n tire  

c o n s tru c tio n  in d u s try . E m p ir ic a l m u lt iv a r ia te  t im e -s e r ie s  d a ta  w a s  c o lle c te d  fo r  th e  p e r io d  

f ro m  2 0 0 6  to  2 0 1 9 , in c lu s iv e , fo r  c o n s tru c tio n  p ro d u c tiv ity  a n d  fo r  11 d y n a m ic  w o rk fo rc e  

a n d  w o rk p la c e  v a r ia b le s :  jo b  o p e n in g s , jo b  h ire s , tu rn o v e r  o r  jo b  s e p a ra tio n s , to ta l 

c o m p e n sa tio n , g ro ss  jo b  g a in s , g ro ss  jo b  lo sse s , a v e ra g e  h o u r ly  e a rn in g s , fa ta litie s , 

o c c u p a tio n a l in ju r ie s  a n d  illn e s se s , g ro ss  d o m e s tic  p ro d u c t, a n d  u n e m p lo y m e n t ra te . 

C a u sa litie s  a n d  s ta tis t ic a lly  s ig n if ic a n t re la tio n s h ip s  w e re  e x a m in e d . R e ly in g  o n  s ta tis tic a l 

te s t  fo r  th e  c o lle c te d  d a ta  se rie s , a  V A R  f ra m e w o rk  w a s  d e v e lo p e d  b a s e d  o n  s ix  d y n a m ic  

w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  to  m o d e l th e  te m p o ra l  v a r ia tio n s  in  th e  c o n s tru c tio n  

p ro d u c tiv ity . T h e  d e v e lo p e d  V A R  m o d e l w a s  v a lid a te d  b y  p re d ic tin g  th e  c o n s tru c tio n  

p ro d u c tiv ity  o n  th e  u n s e e n  te s t in g  se t w ith  an  a c c e p ta b le  M A P E  o f  4 % . T h e  o u tc o m e s  o f
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th is  se c tio n  o f  th e  d is s e r ta t io n  a d d  to  th e  b o d y  o f  k n o w le d g e  b y  p ro v id in g  a  b e tte r  

u n d e rs ta n d in g  o f  th e  im p a c t  o f  d if fe re n t  d y n a m ic  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  o n  

th e  c o n s tru c tio n  p ro d u c tiv ity  a n d  b y  o ffe r in g  a  n e w  c o n c e p t c a lle d  g ro s s  c o n s tru c tio n  

p ro d u c tiv ity .

4.9. RELATED APPENDIX

A p p e n d ix  C  p re s e n ts  th e  u s e d  d a ta  a n d  th e  P y th o n  c o d e  fo r  th e  d e v e lo p e d  s ta tis tic a l 

a n d  t im e  se rie s  m o d e l u s e d  to  s tu d y  th e  im p a c t  o f  d y n a m ic  w o rk fo rc e  a n d  w o rk p la c e  

v a r ia b le s  o n  th e  p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try .
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5. A HYBRID UNSUPERVISED COMPUTATIONAL MODEL FOR 
DETERMINING THE CRITICAL COMBINATIONS OF SAFETY FATALITY

CAUSES

5.1. OVERVIEW

T h e  c o n s tru c tio n  in d u s try  is  c o n s id e re d  o n e  o f  th e  k e y  c o n tr ib u to rs  to  th e  g ro w th  

o f  e c o n o m ie s . F o r  in s ta n c e , a ro u n d  4 .4 %  ($ 1 ,6 0 8 .4  b il l io n )  o f  th e  to ta l  g ro ss  o u tp u t  is  

a ttr ib u te d  to  th e  c o n s tru c tio n  se c to r  in  th e  U n ite d  S ta te s  (U S  B u re a u  o f  E c o n o m ic  A n a ly s is , 

2 0 1 8 a ). In  a d d itio n , th e  c o n s tru c tio n  in d u s try  c u rre n tly  e m p lo y s  6 % -1 0 %  o f  th e  w o r ld ’s 

w o rk fo rc e  (S h o h e t e t a l., 2 0 1 9 ) , a n d  i t  is  re s p o n s ib le  fo r  3 0 % -4 0 %  o f  th e  o c c u p a tio n a l 

fa ta li t ie s  (S u n in d ijo  a n d  Z o u , 2 0 1 2 ) . M a n y  c h a lle n g e s  h a v e  b e e n  p re s e n t  fo r  d e c a d e s  in  th e  

c o n s tru c tio n  in d u s try  a n d  a re  still n o t  su ff ic ie n tly  a d d re s se d  b y  p ra c tit io n e rs  a n d  sc h o la rs , 

o n e  o f  su c h  c h a lle n g e s  in c lu d e  sa fe ty  p e rfo rm a n c e . A lth o u g h  m a n y  e ffo r ts  w e re  d ire c te d  

to  e n h a n c e  th e  sa fe ty  p e rfo rm a n c e  in  th e  c o n s tru c tio n  in d u s try , sa fe ty  fa ta li t ie s  a n d  in ju r ie s  

a re  still c o n s id e re d  to  b e  a  p la g u e  (Z h a n g  a n d  F a n g , 2 0 1 3 ). In  fac t, th e  c o n s tru c tio n  in d u s try  

is  c o n s id e re d  to  b e  th e  m o s t  d a n g e ro u s  se c to r  in  m a n y  n a tio n s  (S h in  e t a l., 2 0 1 4 )  b e c a u s e  

i t  is  r ip e  fo r  m a n y  d is ru p tio n s  (A ssa a d  e t a l., 2 0 2 0 d ) . F o r  in s ta n c e , in  th e  U n ite d  K in g d o m , 

o n e  th ird  o f  a ll w o rk p la c e  fa ta li tie s  o c c u r  o n  c o n s tru c tio n  s ite s ;  w h ic h  is  e q u iv a le n t  to  a 

fa ta l in ju ry  ra te  o f  m o re  th a n  fo u r  t im e s  th e  a v e ra g e  ra te  o f  all se c to rs  (H e a lth  a n d  S a fe ty  

E x e c u tiv e  C o n s tru c tio n  D iv is io n , 2 0 0 9 ) . In  K o re a , th e  c o n s tru c tio n  in d u s try  p o s s e s s e s  th e  

h ig h e s t  p e rc e n ta g e  o f  fa ta li t ie s  a m o n g  th e  d if fe re n t  in d u s tr ie s  (Y i e t a l., 2 0 1 2 ).

A lth o u g h  th e  O c c u p a tio n a l S a fe ty  a n d  H e a lth  A d m in is tra tio n  (O S H A ) h a s  p la y e d  

a  k e y  ro le  in  t ry in g  to  d e c re a se  th e  sa fe ty  a c c id e n ts  o n  c o n s tru c tio n  s ite s , su ch  re d u c tio n  is 

n o t  w e ll p e rc e iv e d  a m o n g  th e  d if fe re n t ty p e s  o f  a c c id e n ts . F o r  in s ta n c e , w h ile  th e  in ju r ie s
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re s u ltin g  in  d a y s  a w a y  f ro m  w o rk  w e re  su b s ta n tia lly  d e c re a s e d  f ro m  2 1 9 ,0 0 0  in  1994  to  

8 0 ,0 0 0  in  2 0 1 5  (C P W R , 2 0 1 8 ) , th e  c o n s tru c tio n  fa ta li t ie s  ro se  b y  2 6 %  in  th e  p re v io u s  y e a rs  

c o m p a re d  to  its  lo w e s t  lev e l o f  781 d e a th s  in  2 0 1 1  (C P W R , 2 0 1 8 ). T h is  r is e  in  fa ta li ty  

a c c id e n ts  is  a ttr ib u te d  to  th e  fa c t th a t  th e  c o n s tru c tio n  s ite  is  c o n s id e re d  o n e  o f  th e  m o s t  

h a z a rd o u s  a n d  d a n g e ro u s  w o rk p la c e s  (L e e  e t a l., 2 0 1 7 ) . A s  su ch , th e re  is  a  c r itic a l n e e d  to  

fu r th e r  e n h a n c e  th e  sa fe ty  f a ta li ty  p e rfo rm a n c e  in  th e  c o n s tru c tio n  in d u s try .

D e s p ite  th e  im p ro v e m e n ts  in  th e  c o n s tru c tio n  sa fe ty  th a t  w e re  m a d e  in  th e  la s t  

d e c a d e s  (H in z e  e t a l., 2 0 1 3 ) , sa fe ty  a c c id e n ts  a n d  in ju r ie s  still h a p p e n  o n  c o n s tru c tio n  sites , 

a n d  th e  c o n s tru c tio n  sa fe ty  is  b e lie v e d  to  h a v e  a tta in e d  a  p la te a u  (B h a tta c h a r je e  e t a l., 

2 0 1 1 ) . In  fac t, th e  c o n s tru c tio n  in d u s try  h a s  p o o r  sa fe ty  p e rfo rm a n c e  (A b d u l N a b i a n d  E l-  

a d a w a y , 2 0 2 0 b )  a n d  h ig h  in c id e n t  ra te s  c o m p a re d  w ith  o th e r  in d u s tr ie s . A c c o rd in g  to  th e  

r e c e n t  2 0 1 7  s ta tis t ic s  in  th e  U n ite d  S ta te s , th e  c o n s tru c tio n  in d u s try  p o s s e s s e s  th e  h ig h e s t 

n u m b e r  o f  fa ta l w o rk  in ju r ie s  o f  971 a m o n g  all o th e r  h ig h -r is k  se c to rs  in c lu d in g  

t ra n s p o r ta tio n  a n d  w a re h o u s in g , a g r ic u ltu re , p ro fe s s io n a l a n d  b u s in e s s  se rv ic e s , an d  

m a n u fa c tu r in g , a m o n g  o th e rs  (B L S , 2 0 1 8 ) . In  fac t, th e  f a ta li ty  ra te  is  e q u iv a le n t  to  a ro u n d  

2 0 %  o f  th e  to ta l  4 ,8 3 6  fa ta l in ju r ie s  a t w o rk p la c e s  in  th e  U S , m o re  th a n  an y  o th e r  in d u s try  

(C P W R , 2 0 1 8 ).

D e s p ite  th a t  a  n u m b e r  o f  te c h n iq u e s  h a v e  b e e n  d e v e lo p e d  to  im p ro v e  p ro je c t 

m a n a g e m e n t a n d  th e  d e c is io n -m a k in g  p ro c e s s  in  th e  c o n s tru c tio n  in d u s try , m o re  a d v a n c e d  

m a n a g e m e n t m e th o d s  sh o u ld  b e  a p p lie d  (Y a n g  e t a l., 2 0 1 9 )  to  so lv e  th e  c ritic a l fa ta li ty  

p ro b le m  th a t  th e  c o n s tru c tio n  in d u s try  is  fac in g . H o w e v e r , su c h  m e th o d s  w e re  h a rd  to  

a c h ie v e  d u e  to  th e  u n iq u e  n a tu re  a n d  c h a ra c te r is tic s  o f  th e  c o n s tru c tio n  s i te ’s o p e ra tio n s  

b e in g  h a z a rd o u s , d a n g e ro u s , c o m p le x , u n c e rta in , a n d  h ig h ly  la b o r  in te n s iv e  (T ix ie r  e t a l.,
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2 0 1 6 ; L e e  e t a l., 2 0 1 7 ) . T h a t  sa id , to  b u ild  th e  n e e d e d  a d v a n c e d  m e th o d s , th e re  is  a  n e e d  to  

u n d e rs ta n d  th e  in h e re n t  c o m p le x itie s , a b s tra c tn e ss , a n d  u n c e r ta in t ie s  re la te d  to  th e  sa fe ty  

f a ta li ty  c a u se s  o r  fa c to rs  a n d  th e ir  in te rd e p e n d e n c ie s  a n d  c o m b in a tio n s  (L iu  e t a l., 2 0 1 9 b ).

5.2. OBJECTIVE

T h e  p u rp o se  o f  th is  se c tio n  o f  th e  d is s e r ta t io n  is  to  d e te rm in e  th e  c ritic a l 

c o m b in a tio n s  b e tw e e n  th e  c a u se s  le a d in g  to  fa ta li t ie s  in  th e  c o n s tru c tio n  in d u s try . T h e  

a s so c ia te d  o b je c tiv e s  a re  to  (1 )  c a te g o r iz e  th e  d if fe re n t  c o n s tru c tio n  fa ta li ty  c a u se s  b a s e d  

o n  th e ir  in te rc o n n e c tiv i t ie s , (2 ) id e n tify  th e  k e y  c a u se s  le a d in g  to  c o n s tru c tio n  fa ta l 

a c c id e n ts , a n d  (3 )  d e te rm in e  a n d  q u a n tify  th e  c ritic a l c o m b in a tio n s  a n d  a s so c ia tio n s  

b e tw e e n  th e  d if fe re n t  k e y  fa ta li ty  c a u se s  in  th e  c o n s tru c tio n  sec to r. I t  is  w o r th  m e n tio n in g  

th a t  th is  s e c tio n  o f  th e  d is s e r ta t io n  d is t in g u is h e s  b e tw e e n  tw o  d if fe re n t  le v e ls  o f  sa fe ty  

c a u sa tio n : d ire c t  c a u se s  a n d  ro o t  c au ses . D ire c t  c a u se s  a re  th e  m o s t  im m e d ia te  c a u se s  

le a d in g  to  th e  fa ta li ty  re c o rd e d  d ire c tly  b y  O S H A  c o m p lia n c e  o ff ic e rs  a n d  fo u n d  re a d ily  in  

c a se  f ile s  su c h  as fa ll, s tru c k  b y , c a u g h t in  b e tw e e n , a n d  e le c tro c u tio n . O n  th e  o th e r  h an d , 

ro o t  c a u se s  a re  d e f in e d  b y  O S H A  (2 0 1 6 )  as “ fu n d a m e n ta l, u n d e rly in g , sy s te m -re la te d  

re a so n s  w h y  an  in c id e n t  o c c u rre d  th a t  id e n tify  o n e  o r  m o re  c o rre c ta b le  sy s te m  fa i lu re s .” In  

re la tio n  to  th a t, a c c o rd in g  to  G o ld b e rg  (2 0 0 3 ), fo c u s in g  so le ly  o n  th e  d ire c t o r  im m e d ia te  

c a u se s  o f  sa fe ty  a c c id e n ts , r a th e r  th a n  th e  ro o t  o r  u n d e r ly in g  c a u se s , d o e s  n o t  p re c lu d e  th e  

re c u r re n c e  o f  th e  in c id e n ts . T h a t sa id , s in c e  m a n y  p re v io u s  s tu d ie s  w e re  c o n d u c te d  to  s tu d y  

th e  d ire c t sa fe ty  c a u se s , th is  se c tio n  o f  th e  d is s e r ta t io n  fo c u s e s  m a in ly  o n  s tu d y in g  th e  

re la tio n s h ip s  a n d  a s so c ia tio n s  b e tw e e n  th e  ro o t  c a u se s  th e m s e lv e s  a n d  h o w  th e y  c o m b in e  

to g e th e r  to  le a d  to  fa ta l  c o n s tru c tio n  ac c id e n ts .



140

5.3. CURRENT STATE OF LITERATURE ON SAFETY AND BACKGROUND 
INFORMATION

M a n y  p re v io u s  re s e a rc h  e ffo r ts  w e re  c o n d u c te d  to  e n h a n c e  th e  sa fe ty  p e rfo rm a n c e  

in  th e  c o n s tru c tio n  in d u s try . H o w e v e r , th e  c o n s tru c tio n  sa fe ty  re s e a rc h  to p ic  in c lu d e s  m a n y  

d if fe re n t  a sp ec ts , th u s , it  is  im p o r ta n t  to  p ro v id e  a  re v ie w  o f  o n ly  re le v a n t  p re v io u s  re se a rc h  

e ffo r ts  to  p ro p e r ly  id e n tify  th e  k n o w le d g e  g a p  a n d  re s e a rc h  n e e d  th a t  th is  se c tio n  o f  th e  

d is s e r ta tio n  a d d re sse s . M o re  sp e c if ic a lly , th is  su b se c tio n  p re s e n ts  a  re v ie w  o f  th e  l i te ra tu re  

o n  a c c id e n t a n a ly s is  in  th e  c o n s tru c tio n  in d u s try  a n d  o th e r  c lo se ly  re la te d  in d u s tr ie s .

5.3.1. Previous Safety Research Work on Accident Analysis in the 

Construction Industry. A s  fa r  as th e  c o n s tru c tio n  in d u s try  is  c o n c e rn e d , m a n y  re se a rc h  

s tu d ie s  o n  a c c id e n t a n a ly s is  w e re  c o n d u c te d . In  re la tio n  to  th a t, A y h a n  a n d  T o k d e m ir  

(2 0 2 0 )  u s e d  la te n t  c la s s  c lu s te r in g  a n a ly s is  a n d  a rtif ic ia l  n e u ra l n e tw o rk s  to  c o n d u c t  an  

a c c id e n t a n a ly s is  fo r  sa fe ty  a ttr ib u te s  in  th e  c o n s tru c tio n  in d u s try  b a s e d  o n  d a ta  c o lle c te d  

f ro m  in c id e n t  re p o r ts  f ro m  c o n s tru c tio n  s ite s  lo c a te d  in  th e  E u ro -A s ia  reg io n . C h ia n g  e t al. 

(2 0 1 7 )  o ffe re d  an  a n a ly s is  o f  th e  fa ta l a c c id e n ts  in  te rm s  o f  th e  t im e  o f  th e ir  o c c u rre n c e  

a n d  h o w  th e y  o c c u r  in  H o n g  K o n g  c o n s tru c tio n  tra d e s  a n d  fo u n d  th a t  m o re  fa ta l a c c id e n ts  

o c c u rre d  in  rep a ir , m a in te n a n c e , a lte ra tio n , a n d  a d d it io n  w o rk s . C h o i e t al. (2 0 1 9 b )  

c o m p a re d  th e  fa ta l o c c u p a tio n a l in ju r ie s  in  th e  c o n s tru c tio n  in d u s try  b e tw e e n  th e  U S , S o u th  

K o re a , a n d  C h in a  a n d  sh o w e d  th a t  th e s e  in d u s tr ie s  h a v e  h ig h  fa ta l in ju r ie s  a n d  th a t  th e  to p  

c o m m o n  a c c id e n t  ty p e s  a re  fa l l in g  f ro m  a  h ig h  lev e l a n d  s tru c k  b y . M e n g  e t al. (2 0 1 8 )  

s tu d ie d  th e  fa ta l a c c id e n ts  th a t  o c c u rre d  in  th e  C h in e se  c o n s tru c tio n  in d u s try  an d  

in v e s t ig a te d  th e  e ffe c t o f  c lim a te  fa c to rs , th e  t im e  p e r io d  d is tr ib u tio n , a n d  th e  p ro v in c ia l  

d is tr ib u tio n . K a r im i a n d  T a g h a d d o s  (2 0 1 9 )  e x a m in e d  th e  in f lu e n c e  o f  e d u c a tio n  an d  

e x p e rie n c e  le v e l o f  c o n s tru c tio n  c ra f t  la b o rs  in  fa ta l in ju ry  p re v e n tio n  in  c o n s tru c tio n
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p ro je c ts  in  T e h ran ; th e y  sh o w e d  th a t  in  th e  m a jo r ity  o f  a c c id e n ts , h ig h e r  e d u c a tio n a l 

a tta in m e n t in  c ra f t  w o rk e rs  re s u lte d  in  a  s ig n if ic a n t  lo w e r  r is k  o f  fa ta l in ju r ie s . A l-B a y a ti  

a n d  Y o rk  (2 0 1 8 )  a n a ly z e d  th e  d a ta  f ro m  th e  F a ta lity  A s s e s s m e n t a n d  C o n tro l E v a lu a tio n  

p ro g ra m  to  s tu d y  th e  fa ta l in ju r ie s  a m o n g  H is p a n ic  w o rk e rs  in  th e  U S  c o n s tru c tio n  in d u s try  

a n d  fo u n d  th a t  th e re  is  a  d if fe re n c e  in  a c c id e n t  c h a ra c te r is t ic s  b e tw e e n  H is p a n ic  w o rk e rs  

a n d  all w o rk e rs . W o n g  e t al. (2 0 1 6 )  d e v e lo p e d  a  f ra m e w o rk  fo r  e x tra c tin g  s tru c tu re d  

in fo rm a tio n  f ro m  c o n s tru c tio n  a c c id e n t re p o r ts  a s  to  f in d  th e  g e n e ra l c h a ra c te r is t ic s  an d  

m a n a g e ria l  c a u se s  b e h in d  th e  fa lls  f ro m  h e ig h t  fa ta li tie s  a c c id e n ts  in  H o n g  K o n g . Z h a o  an d  

Shi (2 0 1 9 )  e x a m in e d  c o n s tru c tio n  fa ta li ty  re p o r ts  a n d  in v e s t ig a te d  th e  so c io te c h n ic a l 

sy s te m s  o f  fa ta l e le c tr ic a l in ju r ie s  in  th e  c o n s tru c tio n  in d u s try  b y  u s in g  a  t r ia n g u la tio n  

a p p ro a c h ; in  re la tio n  to  th a t, th e y  id e n tif ie d  th e  ty p ic a l sy s te m s, re v e a le d  th e i r  w e a k n e sse s , 

a n d  p ro v id e d  re m e d ia l re c o m m e n d a tio n s . S h a o  e t  al. (2 0 1 9 )  e x p lo re d  th e  fa ta l a c c id e n t 

p a tte rn s  in  C h in a ’s b u ild in g  c o n s tru c tio n  a c tiv it ie s  a n d  fo u n d  th a t  m o re  fa ta l a c c id e n ts  

o c c u r  in  c e rta in  m o n th s , o n  p a r t ic u la r  d ay s , a n d  d u r in g  c e r ta in  t im e  p e rio d s . E te ifa  a n d  E l-  

a d a w a y  (2 0 1 7 )  s tu d ie d  th e  ro o t  c a u se s  o f  c o n s tru c tio n  fa ta li t ie s  a n d  fo u n d  th a t  th e  la c k  o f  

jo b -s p e c if ic  t ra in in g  is  th e  m o s t  c e n tra l c a u se  o f  s tru c k  b y  a n d  c a u g h t in  b e tw e e n  a c c id e n ts . 

D o n g  e t al. (2 0 1 7 )  a n a ly z e d  th e  c o n s tru c tio n  F a ta l i ty  A s s e s s m e n t a n d  C o n tro l E v a lu a tio n  

d a ta b a se  to  s tu d y  th e  fa ta l fa lls  a n d  p e rso n a l fa ll a rre s t  sy s te m s  u s e d  in  th e  c o n s tru c tio n  

in d u s try .

5.3.2. Previous Safety Research Work on Accident Analysis in Roads and 

Transportation Systems. A s fa r  as ro a d s  a n d  t ra n s p o r ta tio n  sy s te m s  a re  c o n c e rn e d , m a n y  

re s e a rc h  s tu d ie s  o n  a c c id e n t  a n a ly s is  w e re  c o n d u c te d . In  re la tio n  to  th a t, S a y e d  e t al. (1 9 9 5 )  

id e n tif ie d  a c c id e n t-p ro n e  lo c a tio n s  u s in g  fu z z y  p a tte rn  re c o g n itio n  a n d  c lu s te r  a n a ly s is
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b a s e d  o n  an  a s se s s m e n t o f  fa c to rs  th a t  c o n tr ib u te d  to  a c c id e n ts . L i e t al. (2 0 1 6 )  a n a ly z e d  

th e  t ra f f ic  a c c id e n ts  o n  h ig h w a y s  u s in g  th e  la te n t  c la s s  c lu s te r in g  m e th o d  to  id e n tify  th e  

k e y  fa c to rs  le a d in g  to  se v e re  tra f f ic  a c c id e n ts  b a s e d  o n  d a ta  c o lle c te d  f ro m  C h in a ’s S ta te  

A d m in is tra tio n  o f  W o rk  S afe ty . Y a n g  e t al. (2 0 1 4 )  re lie d  o n  th e  o rd e r ly  c lu s te r in g  a p p ro a c h  

to  p ro v id e  p ro p e r  d iv is io n  o f  h ig h w a y s  in  C h in a  b a s e d  o n  fo u r  a c c id e n t  in d ic a to rs  

(a c c id e n ts , d ea th s , in ju r ie s , a n d  d ire c t e c o n o m ic  lo ss ) . J ia  e t al. (2 0 1 1 )  a p p lie d  th e  p r in c ip a l 

c o m p o n e n t a n a ly s is  m e th o d  to  ro a d  t ra f f ic  sa fe ty  in  J ia m u s i c ity  o f  C h in a . M o u sa v i e t al. 

(2 0 1 9 )  u s e d  J e rk -C lu s te r  a n a ly s is  to  id e n tify  h ig h  c ra sh  r is k  h ig h w a y  se g m e n ts  so  th a t  

o b se rv a tio n a l d a ta  c a n  b e  u s e d  as s u rro g a te  m e a s u re s  o f  sa fe ty  a n d  as a  w a y  o f  p re d ic tin g  

sa fe ty  p ro b le m s. C h e n  e t  al. (2 0 1 8 )  e x tra c te d  a rte ria l a c c e s s  d e n s ity  im p a c ts  o n  sa fe ty  

p e rfo rm a n c e  b a s e d  o n  c lu s te r in g  a n d  c o m p u ta tio n a l a n a ly s is . R a h im i e t al. (2 0 1 9 )  

d e v e lo p e d  a  c lu s te r in g  a p p ro a c h  to w a rd s  th e  a n a ly s is  o f  la rg e  t ru c k  c ra sh e s . W a n g  an d  

C h e n  (2 0 1 3 )  s tu d ie d  th e  tra f f ic  sa fe ty  e v a lu a tio n  u s in g  th e  tra f f ic  c o n flic t  te c h n iq u e  an d  

g ra y  c lu s te r in g  a t s ig n a liz e d  in te rse c tio n s  in  C h in a . Z h a n g  e t al. (2 0 1 9 b )  u s e d  m a c h in e  

le a rn in g  m e th o d s  to  id e n tify  s ig n if ic a n t  in ju ry  se v e rity  r is k  fa c to rs  in  tra f f ic  a c c id e n ts . 

C h e n  e t al. (2 0 2 0 )  u s e d  a s so c ia tio n  ru le s  to  a n a ly z e  th e  fa c to rs  th a t  in f lu e n c e  e x p re s sw a y  

tra f f ic  c ra sh e s  o n  th e  S h a o y a n g -X in h u a n g  se c tio n  o f  th e  S h a n g h a i-K u n m in g  e x p re s sw a y  

in  C h in a . W a n g  e t al. (2 0 2 0 a )  d e v e lo p e d  a  d e e p  c lu s te r in g  m o d e l to  e s tim a te  th e  d r iv in g  

s ty le  fo r  a  b e tte r  sa fe ty  p e rfo rm a n c e  o n  ro a d  a n d  fo r  a  b e tte r  d e s ig n  o f  p e rs o n a liz e d  

a u to n o m o u s  d riv in g . P o c h  a n d  M a n n e r in g  (1 9 9 6 )  e s tim a te d  a  n e g a tiv e  b in o m ia l  re g re s s io n  

m o d e l fo r  th e  f re q u e n c y  o f  a c c id e n ts  a t u rb a n  in te rse c tio n s  to  re d u c e  tra f f ic  a c c id e n ts . 

K h a s n a b is  a n d  R a m iz -A l-A s s a r  (1 9 8 9 )  p re s e n te d  an  e x p o s u re -b a s e d  te c h n iq u e  th a t  u se s  

th e  c o n c e p t o f  o p p o r tu n ity  fo r  in te ra c tio n  b e tw e e n  v e h ic le s  to  a n a ly z e  th e  h e a v y  tru c k
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a c c id e n ts . A l-M a s a e id  a n d  S in h a  (1 9 9 4 )  a p p lie d  a  p ro b a b il is t ic  p ro c e d u re  to  e v a lu a te  th e  

sa fe ty  e ffe c tiv e n e s s  o f  p a v e m e n t m a rk in g s  o f  u n d iv id e d  ru ra l ro ad s . Z h o n g  e t al. (2 0 0 7 )  

u s e d  th e  o rd in a l c lu s te r in g  m e th o d  to  p ro p o se  a  n e w  m e th o d  o f  f re e w a y  s e c tio n  d iv is io n  

b a s e d  o n  th e  sa fe ty  p ro f i le  a n d  im p o r ta n t  sa fe ty  in f lu e n c e  fa c to rs . Z h o u  a n d  I r iz a r ry  (2 0 1 6 )  

p ro p o se d  an  in te g ra te d  f ra m e w o rk  o f  m o d if ie d  a c c id e n t  e n e rg y  re le a s e  to  e x p lo re  th e  

c o m p le x ity  o f  th e  H a n g z h o u  su b w a y  c o lla p se  in  C h in a . M e d in a  e t al. (2 0 1 4 )  p e rfo rm e d  a 

s tu d y  to  e n h a n c e  th e  a n a ly s is  o f  a c c id e n ts  a t ra i lro a d  g ra d e  c ro s s in g s  b a s e d  o n  d e ta ile d  

a c c id e n t in fo rm a tio n  su c h  as lo c a tio n  a n d  d ire c tio n  o f  v e h ic le s  a n d  tra in s , c ro s s in g  la y o u t 

a n d  its  su rro u n d in g s , d r iv e r  d e m o g ra p h ic s , a n d  o th e rs . L i e t al. (2 0 1 5 )  c o n d u c te d  an  

a c c id e n t a n a ly s is  fo r  tra f f ic  sy s te m  s ta b ili ty  in  C h in a  b a s e d  o n  d if fe re n t  a c c id e n t- re la te d  

fa c to rs  su c h  ro a d  e n v iro n m e n t, t ra f f ic  fac ili tie s , a n d  v e h ic le s . X ie  e t al. (2 0 2 0 )  a n a ly z e d  

th e  sp a tia l c h a ra c te r is tic s  o f  tra f f ic  a c c id e n ts  a n d  th e  re la tio n s h ip  b e tw e e n  th e  a c c id e n t ra te  

a n d  th e  l in e a r  p a ra m e te rs  o f  a  tw o - la n e  h ig h w a y  in  C h in a  u s in g  s ta tis tic a l a n a ly s is  a n d  th e  

K -m e a n s  c lu s te r in g  b a s e d  o n  d a ta  o f  t ra f f ic  a c c id e n ts , t ra f f ic  f lo w , a n d  ro a d  p ro file . Ju n  e t 

al. (2 0 0 9 )  u s e d  p r in c ip a l c o m p o n e n t a n a ly s is  to  s tu d y  th e  in f lu e n c in g  fa c to rs  le a d in g  to  

re a r -e n d  c o llis io n s  o n  h ig h w a y s , a n d  th e  s ig n if ic a n t im p a c t  fa c to rs  a re  d e te c te d  an d  

id e n tif ie d  b y  c h a rtin g  a n a ly s is  a n d  th e  c lu s te r in g  m e th o d . L in  e t al. (2 0 1 1 )  u s e d  p r in c ip a l 

c o m p o n e n t a n a ly s is -c lu s te r  a n a ly s is  m e th o d  to  p e rfo rm  a  m a c ro s c o p ic  e v a lu a tio n  o f  ro a d  

tra f f ic  sa fe ty  a n d  th e  a s so c ia te d  sa fe ty  lev e l c la s s if ic a tio n .

5.3.3. Previous Safety Research Work on Accident Analysis in Other 

Industries. O th e r  s tu d ie s  w e re  a lso  p e rfo rm e d  as re la te d  to  f ire  a c c id e n ts , m a r itim e  

a c c id e n ts , a n d  m in e  a c c id e n ts . In  re la tio n  to  th a t, X ie  e t al. (2 0 1 9 )  u s e d  th e  fu z z y  C -m e a n s  

a lg o r ith m  a n d  fu z z y  m a x im u m  s u p p o rt t re e  c lu s te r in g  a lg o r ith m  to  id e n tify  th e  k e y  fa c to rs
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o f  f ire  r is k  o f  o il d e p o ts  in  C h in a . B a la h a d ia  e t al. (2 0 1 9 )  u s e d  a  d a ta  m in in g  a p p ro a c h  fo r  

p ro f i l in g  f ire  in c id e n t  re p o r ts  o f  th e  B u re a u  o f  F ire  a n d  P ro te c tio n  in  M a n ila , P h ilip p in e s  

to  h e lp  f a c ili ta te  th e  a s se s s m e n t o f  f ire  in c id e n ts  b y  p ro v id in g  a  q u ic k , th o ro u g h , an d  

sc ie n tif ic  a n a ly s is  o f  f ire  d a ta . Y u a n  e t al. (2 0 2 0 )  u s e d  c a se  s ta tis t ic s  a n d  d y n a m ic  B a y e s ia n  

n e tw o rk s  fo r  s c e n a r io  d e d u c tio n  o n  f ire  a c c id e n ts  to  h e lp  d e c is io n  m a k e rs  m a k e  m o re  

ta rg e te d  e m e rg e n c y  d isp o sa l m e a su re s . K im  a n d  S h in  (2 0 2 0 )  u s e d  c la s s if ic a t io n  m a c h in e  

le a rn in g  a lg o r ith m s  to  im p ro v e  th e  c la s s if ic a t io n  o f  f ire  a c c id e n ts  a n d  th e  a n a ly s is  o f  

p e r io d ic i ty  to  p ro v id e  th e  a b ility  to  fo re c a s t  c r itic a l f ire  a c c id e n ts . N tz e re m e s  e t al. (2 0 2 0 )  

p ro p o se d  an  e v a c u a tio n  s im u la tio n  m o d e l fo r  in c re a s in g  th e  e ff ic ie n c y  o f  q u a n ti ta t iv e  r isk  

a s se s s m e n t o f  f ire  a c c id e n ts . Y u a n  e t al. (2 0 1 9 )  u s e d  in te rp re ta t iv e  s tru c tu ra l m o d e lin g  an d  

th e  a n a ly tic  h ie ra rc h y  p ro c e s s  m e th o d  to  id e n tify  th e  c a u se  fa c to rs  in  th e  e m e rg e n c y  

p ro c e s s  o f  f ire  a c c id e n ts  b a s e d  o n  23 in f lu e n c e  fac to rs . W u  e t al. (2 0 1 9 )  u s e d  c o m p u te r  

v is io n  m e th o d s  to  c re a te  an  in te ll ig e n t  f ire  d e te c tio n  a p p ro a c h  to  m e e t  th e  n e e d s  o f  re a l

t im e  f ire  d e te c tio n  o n  th e  p re c is io n  a n d  th e  sp eed . Z h a n g  e t al. (2 0 1 4 )  p ro p o se d  an  a p p ro a c h  

to  a n a ly z e  a n d  p re d ic t  th e  c o m b in a tio n  p a tte rn s  o f  h u m a n  fa c to rs  fo r  m a r i tim e  a c c id e n ts  

u s in g  m a tr ix  tra n s fo rm a tio n , th e  c lu s te r in g  m e th o d , a n d  B o o ts tra p p in g . Z h a o  a n d  S h i 

(2 0 1 9 )  u s e d  d e n s ity -b a s e d  c lu s te r in g  a n d  re c u r re n t  n e u ra l n e tw o rk s  to  d e te c t m a r i tim e  

a n o m a ly  fo r  an  im p ro v e d  s itu a tio n a l a w a re n e s s  o f  v e s se l  t ra f f ic  su p e rv iso rs  a n d  a  re d u c tio n  

in  m a r i tim e  a c c id e n ts . W u e lln e r  e t al. (2 0 1 9 )  a p p lie d  p r in c ip a l c o m p o n e n t a n a ly s is  a n d  K - 

m e a n  c lu s te r in g  fo r  th e  e n v iro n m e n ta l c o n d itio n s  o f  h is to r ic a l a c c id e n t d a ta  to  e ff ic ie n tly  

g e n e ra te  te s t in g  sc e n e r ie s  fo r  m a r i t im e  sy s te m s. W a n g  a n d  S u n  (2 0 1 1 )  p e rfo rm e d  an  

a c c id e n t c a u sa tio n  c h a in  a n a ly s is  o f  sh ip  c o ll is io n s  u s in g  B a y e s ia n  n e tw o rk s  to  a v o id  

m a r i tim e  a c c id e n ts . G u o  e t al. (2 0 2 0 )  u s e d  th e  G re y -B u ffe t  O p e ra to r -M a rk o v  c h a in  m e th o d
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to  fo re c a s t  th e  c iv il a v ia tio n  u n s a fe  e v e n ts  ra te . W u  (2 0 2 0 )  p e rfo rm e d  an  in -d e p th  s tu d y  o f  

co a l m in e  sa fe ty  r is k  u s in g  a  d a ta  a n a ly s is  a p p ro a c h  to  d e v e lo p  a  sy s te m  th a t  can  

d y n a m ic a lly  d isp la y  th e  sa fe ty  p ro d u c tio n  s itu a tio n  o f  co a l m in e s  a n d  p re d ic t  th e  r is k  o f  

co a l m in e  a c c id e n ts . W a n g  e t al. (2 0 1 9 a )  u s e d  n e u ra l n e tw o rk s  fo r  a u to m a tic  c o n s tru c tio n  

o f  co a l m in e  a c c id e n t o n to lo g y . M u le n g a  (2 0 2 0 )  d e v e lo p e d  a  m a th e m a tic a l  m o d e l u s in g  

th e  G ra y  M a rk o v  a p p ro a c h  to  a n a ly z e  Z a m b ia ’s fa ta l m in in g  a c c id e n ts .

5.3.4. Knowledge Gap and Research Need. A c c o rd in g  to  th e  e x te n s iv e  re v ie w  

o f  th e  e x is tin g  b o d y  o f  l i te ra tu re  o n  sa fe ty  a c c id e n ts  p e rfo rm e d  in  th e  p re v io u s  su b se c tio n s , 

i t  c o u ld  b e  c o n c lu d e d  th a t  m a n y  p re v io u s  re se a rc h  w o rk s  h a v e  p ro v id e d  im p o r ta n t  

k n o w le d g e  o n  sa fe ty  a c c id e n ts  u s in g  d if fe re n t  m e th o d o lo g ie s . N e v e r th e le s s , so m e  

l im ita tio n s  a n d  g a p s  s till e x is t  in  th e  b o d y  o f  l ite ra tu re .

F irs t, m a n y  o f  th e s e  s tu d ie s  w e re  c o n d u c te d  to  s tu d y  th e  fa c to rs  le a d in g  to  sa fe ty  

a c c id e n ts  in  g e n e ra l r a th e r  th a n  th e  fa c to rs  le a d in g  to  sa fe ty  fa ta li tie s  in  sp e c if ic . In  re la tio n  

to  th a t, Z h a n g  a n d  F a n g  (2 0 1 3 )  s ta te d  th a t  sa fe ty  fa ta li t ie s  a n d  in ju r ie s  a re  s till c o n s id e re d  

to  b e  a  p la g u e , d e sp ite  th e  p re se n c e  o f  m a n y  e ffo r ts  th a t  w e re  d ire c te d  to  e n h a n c e  th e  sa fe ty  

p e rfo rm a n c e  in  th e  c o n s tru c tio n  in d u s try . T h is  is  a lso  re f le c te d  b y  th e  s ta tis t ic s  p u b lish e d  

b y  C P W R  (2 0 1 8 )  w h ic h  sh o w e d  th a t  w h ile  th e  in ju r ie s  re s u ltin g  in  d a y s  a w a y  f ro m  w o rk  

w e re  s u b s ta n tia lly  d e c re a se d , th e  c o n s tru c tio n  fa ta li t ie s  ro se  in  th e  p re v io u s  y ea rs .

S e c o n d , as d e ta ile d  in  th e  p re v io u s  su b se c tio n s , th e  p re v io u s  l im ite d  s tu d ie s  on  

sa fe ty  fa ta li t ie s  fo c u s e d  o n  (1 )  id e n tify in g  th e  in d iv id u a l fa c to rs  th a t  le a d  to  fa ta li t ie s  in  th e  

c o n s tru c tio n  in d u s try ; (2 )  a n a ly z in g  th e  fa ta l a c c id e n ts  in  te rm s  o f  th e ir  t im e  o f  o c c u rre n c e  

a n d  th e ir  p re s e n c e  a m o n g  d if fe re n t  c o n s tru c tio n  tra d e s ; (3 )  id e n tify in g  th e  c o n s tru c tio n  

w o rk s  th a t  a re  th e  m o s t  s u sc e p tib le  to  fa ta li tie s ;  a n d  (4 )  s tu d y in g  th e  im p a c ts  o f  c lim a te ,
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tra in in g , e d u c a tio n , e x p e rie n c e , race , a n d  e th n ic ity , a m o n g  o th e rs  o n  th e  o c c u rre n c e  o f  

fa ta litie s . A s  su ch , p re v io u s  sa fe ty  f a ta li ty  s tu d ie s  in  th e  c o n s tru c tio n  in d u s try  fo c u s e d  on  

th e  in d iv id u a l sa fe ty  f a ta li ty  fa c to rs  r a th e r  th a n  o n  a n a ly z in g  th e  c ritic a l c o m b in a tio n s , 

a s so c ia tio n s , a n d  in te rc o n n e c tiv i t ie s  b e tw e e n  th e  d if fe re n t  fa ta li ty  cau ses . A s  su ch , th e re  is  

a  c r itic a l re s e a rc h  n e e d  to  fu r th e r  e n h a n c e  th e  sa fe ty  f a ta li ty  p e rfo rm a n c e  in  sp e c if ic  in  th e  

c o n s tru c tio n  in d u s try .

T h ird , m a n y  o f  th e  p re v io u s  s tu d ie s , th a t  h a v e  u s e d  c lu s te r in g  m e th o d s  a n d  d a ta  

m in in g  te c h n iq u e s , w e re  a p p lie d  to  d if fe re n t  n o n c o n s tru c tio n  a p p lic a tio n s  su c h  as ro a d  

a c c id e n ts , f ire  a c c id e n ts , m a r i t im e  a c c id e n ts , a n d  m in e  a c c id e n ts , a m o n g  o th e rs . T h u s , 

th e re  is  a  la c k  o f  s tu d ie s  th a t  h a v e  u s e d  c lu s te r in g  m e th o d s  a n d  d a ta  m in in g  te c h n iq u e s  to  

s tu d y  th e  fa ta l sa fe ty  a c c id e n ts  in  th e  c o n s tru c tio n  in d u s try  in  sp ec if ic . A s  fa r  as th e  

c lu s te r in g  m e th o d s  u s e d  b y  p re v io u s  s tu d ie s  a re  c o n c e rn e d , th e s e  m e th o d s  m a in ly  in c lu d e d  

tra d itio n a l  a p p ro a c h e s  su c h  as  p r in c ip a l c o m p o n e n t a n a ly s is  a n d  k -m e a n s  c lu s te rin g , 

a m o n g  o th e rs , w h ic h  h a v e  m a n y  lim ita tio n s  in  te rm s  o f  th e ir  re l ia n c e  o n  th e  in d iv id u a l 

p ro p e r t ie s  o f  th e  d a ta  p o in ts  r a th e r  th a n  o n  th e  s tre n g th  o f  th e  in te rc o n n e c tiv i t ie s  o r  

a s so c ia tio n s  b e tw e e n  th e  d if fe re n t  d a ta  p o in ts . T h e re fo re , m o re  a d v a n c e d  c lu s te r in g  

m e th o d s  a re  n e e d e d  to  s tu d y  th e  a s so c ia tio n s  b e tw e e n  d if fe re n t  fa ta l sa fe ty  c a u se s . In  

re la tio n  to  th a t, th is  se c tio n  o f  th e  d is s e r ta t io n  u s e s  sp e c tra l c lu s te r in g  b e c a u s e  i t  h a s  p ro v e d  

to  a d d re ss  th e  l im ita tio n s  o f  tra d itio n a l  c lu s te r in g  m e th o d s  (W a n g  e t a l., 2 0 1 9 b ; F u  e t al., 

2 0 0 5 ; E l M o u d e n  e t a l., 2 0 1 9 ; C h e n  a n d  C a i, 2 0 1 1 ) . S im ila r ly , as  fa r  as th e  d a ta  m in in g  

a p p ro a c h e s  u s e d  b y  p re v io u s  s tu d ie s  a re  c o n c e rn e d , th e s e  m e th o d s  d o  n o t  fa c to r  th e  

p o s s ib il i ty  o f  h a v in g  c o m b in a tio n s  o r  c a u sa tio n s  b e tw e e n  d if fe re n t  fa c to rs  o r  cau ses . M o re  

sp e c if ic a lly , th e  tra d itio n a l  w a y  o f  lo o k in g  a t sa fe ty  in c id e n ts  fo c u se s  o n  a n a ly z in g  th e
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w e a k e s t  l in k  in  th e  c h a in  o f  e v e n ts  b y  id e n tify in g  th e  o n ly  o n e  m a in  c a u se  fo r  th e  a c c id e n t 

a n d  w h a t  w e n t  w ro n g  th a t  a llo w e d  th e  in c id e n t  to  o c c u r  (G o ld b e rg , 2 0 0 3 ) . H o w e v e r , th e  

r ig id  a d h e re n c e  to  th is  w a y  o f  th in k in g  c a n  le a d  to  so m e  s ig n if ic a n t e rro rs  in  im p ro v in g  

sa fe ty  p e rfo rm a n c e  (G o ld b e rg , 2 0 0 3 ) . T h a t sa id , o th e r  d a ta  m in in g  te c h n iq u e s  sh a ll b e  u s e d  

w ith  th e  c a p a b ili t ie s  o f  s tu d y in g  th e  a c c id e n t  c a u sa tio n s  th ro u g h  e x a m in in g  th e  

in te rc o n n e c tiv i t ie s  a n d  a s so c ia tio n s  b e tw e e n  d if fe re n t  f a ta li ty  c au ses . In  r e la tio n  to  th a t, th e  

f re q u e n t p a tte rn  m in in g  a lg o r ith m  a llo w s  v a lu a b le  c o m b in a tio n s , a s so c ia tio n s , an d  

re la tio n s h ip s  to  b e  id e n tif ie d  a n d  fo r  c o m p le x , in te re s tin g , a n d  h id d e n  a s so c ia tio n s  to  b e  

d isc o v e re d  th a t  o th e rw is e  c o u ld  n o t  b e  fo u n d  (V e rm a  e t a l., 2 0 1 4 ; T a sn e e m  e t a l., 2 0 1 9 ). 

In  re la tio n  to  th a t, th is  s e c tio n  o f  th e  d is s e r ta tio n  u s e s  th e  f re q u e n t p a tte rn  m in in g  m e th o d  

s in c e  i t  h a s  e m e rg e d  as  a  s ig n if ic a n t a p p ro a c h  to  d is c o v e r  fa s c in a tin g  k n o w le d g e  c o n c e a le d  

in  th e  d a ta  (R a g a v e n th ira n  a n d  K a v ith a d e v i, 2 0 1 9 ) , a n d  i t  o v e rc o m e s  th e  l im its  o f  o th e r  

te c h n iq u e s  as i t  d o e s  n o t  re s tr ic t  th e  u n d e r ly in g  re la tio n s h ip s  b e tw e e n  th e  v a r ia b le s  (X u  e t 

a l., 2 0 1 8 ).

A s  su ch , th e re  is  a  k n o w le d g e  g a p  in  th e  l i te ra tu re  in  te rm s  o f  fo c u s in g  o n  th e  

in d iv id u a l f a ta li ty  fa c to rs  ra th e r  th a n  p o s s ib le  c o m b in a tio n s  a n d  a s so c ia tio n s  b e tw e e n  

th em . T h a t sa id , to  a d d re s s  th is  c r itic a l k n o w le d g e  g ap , th e re  is  a  p re s s in g  re s e a rc h  n e e d  to  

im p le m e n t m o re  a d v a n c e d  d a ta -d r iv e n  m a n a g e m e n t m e th o d s  fo r  th e  a n a ly s is  o f  sa fe ty  

a c c id e n ts  (Y a n g  e t a l., 2 0 1 9 )  w ith  a  sp ec ia l fo c u s  o n  fa ta li tie s . In  re la tio n  to  th a t, th is  

se c tio n  o f  th e  d is s e r ta t io n  u s e s  sp e c tra l c lu s te r in g  a n d  f re q u e n t p a tte rn  m in in g  

c o m p u ta tio n a l a lg o r i th m s  to  s tu d y  th e  c ritic a l a s so c ia tio n s  a n d  c o m b in a tio n s  b e tw e e n  

d if fe re n t  fa ta li ty  c a u se s  b y  re ly in g  o n  a  d a ta -d r iv e n  a p p ro a c h , a c c id e n t c a u sa tio n  p r in c ip le s , 

a n d  c o n c e p ts  p e r ta in in g  to  g ra p h  th eo ry .
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5.3.5. Graph Theory. O n e  o f  th e  m o s t  c o m m o n  a n d  e ffe c tiv e  m e th o d s  to  s tu d y  

th e  c o m b in a tio n s , a s so c ia tio n s , a n d  in te rc o n n e c tiv i t ie s  b e tw e e n  d if fe re n t  c a u se s  o r  fa c to rs  

is  g ra p h  th e o ry ; w h ic h  is  a lso  re fe rre d  to  as n e tw o rk  re p re s e n ta tio n  (Q ia o  e t a l., 2 0 1 8 ). 

G ra p h  th e o ry  d a te s  b a c k  to  th e  18 th  c e n tu ry , a n d  i t  is  a  b ra n c h  o f  m a th e m a tic s  th a t  d e a ls  

w ith  th e  w a y  ite m s , fa c to rs , o r  c a u se s  a re  c o n n e c te d  (W ilso n , 1972). In  s im p le  te rm s , g ra p h  

th e o ry  is  a  q u a n ti ta t iv e  m a th e m a tic a l a p p ro a c h  to  e x a m in e  n e tw o rk  p ro p e r tie s , w h e re  

n e tw o rk s  a re  re p re s e n te d  as g ra p h s  c o m p rise d  o f  in d iv id u a l e le m e n ts  (c a lle d  n o d e s )  an d  

th e  re la tio n s h ip s  b e tw e e n  th e m  (sh o w n  as e d g e s  b e tw e e n  th e  n o d e s )  (G a lle n  an d  

D ’E s p o s ito , 2 0 1 9 ) . T h a t sa id , a  g ra p h  G  fo rm e d  b y  a  se t o f  v e r t ic e s  V  a n d  a  se t o f  e d g e s  E  

c a n  b e  re p re s e n te d  as G  =  (V , E )  in  an  a b s tra c t  m a th e m a tic a l s tru c tu re  (D ev i an d  

M u ru g a b o o p a th i, 2 0 1 9 ) . G ra p h  th e o ry  is  v e ry  p o p u la r  a n d  w id e ly  u s e d  in  d if fe re n t d o m a in  

a p p lic a tio n s  d u e  to  i ts  e x c e p tio n a l c a p a b ili ty  in  re v e a lin g  th e  im p o r ta n t  c o m b in a tio n s , 

a s so c ia tio n s , a n d  in te rc o n n e c tiv i t ie s  b e tw e e n  d if fe re n t  fa c to rs  o r  c a u se s  (A b o ta le b  a n d  E l-  

a d a w a y , 2 0 1 8 ) . T h is  n o ta b le  a b ility  is  a ttr ib u te d  to  th e  fa c t  th a t  g ra p h  th e o ry  c o m b in e s  

re m a rk a b le  te c h n iq u e s  in c lu d in g  m a tr ix  th e o ry , g ro u p  th e o ry , c o m b in a to r ic s , an d  

n u m e ric a l a n a ly s is  (T rin a js tic , 2 0 1 8 ). T h a t  sa id , g ra p h  th e o ry  is  c o n s id e re d  as a  sy s te m a tic  

a p p ro a c h  fo r  c o n v e rs io n  o f  q u a li ta t iv e  fa c to rs  to  q u a n tita tiv e  v a lu e s , a n d  its  m a th e m a tic a l 

m o d e lin g  a b ilit ie s  g iv e  an  e d g e  o v e r  c o n v e n tio n a l m e th o d s  m a k in g  its  a p p lic a tio n s  to  b e  

v e ry  w e ll r e n o w n e d  (S in g h  e t a l., 2 0 1 9 ) . In  re la tio n  to  th a t, g ra p h  th e o ry  w a s  e m p lo y e d  in  

d iv e rse  re s e a rc h  a re a s  su c h  as c o m p u te r  sc ie n c e , e c o n o m ic s , b io m a th e m a tic s , e n g in e e rin g , 

n u c le a r  p h y s ic s , b io lo g y , p sy c h o lo g y , th e o re tic a l  p h y s ic s , l in g u is tic s , a n d  so c io lo g y , 

a m o n g  o th e rs .
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E v e ry  g ra p h  c o u ld  b e  m a p p e d  in to  a  m a tr ix  re p re s e n ta tio n  as to  m a k e  u s e  o f  th e  

m a tr ic e s ’ c o m p u ta tio n a l c a p a b ili t ie s  in  h a n d in g  c o m p le x  m a th e m a tic a l o p e ra tio n s  (S in g h  

e t a l., 2 0 1 9 ) . F ig u re  5.1 sh o w s  a  d e m o n s tra t iv e  e x a m p le  o f  th e  e q u iv a le n c e  b e tw e e n  th e  

g ra p h  a n d  m a tr ix  re p re s e n ta tio n s  a n d  th e  e x p lo ita t io n  o f  th e  c o m p u ta tio n a l an d  

m a th e m a tic a l c a p a b ili t ie s  o f  th e  la tte r.

F ig u re  5.1 E x a m p le  s h o w in g  th e  e q u iv a le n c y  b e tw e e n  g ra p h  a n d  m a tr ix  re p re se n ta tio n s .

F o r  th e  m a tr ix  re p re s e n ta tio n  in  F ig u re  5 .1 , a  v a lu e  o f  1 is  e n te re d  i f  th e re  is  an  ed g e  

(o r  c o n n e c tio n )  b e tw e e n  tw o  n o d e s  a n d  a  v a lu e  o f  0 is  e n te re d  in  th e  a b se n c e  o f  su c h  

c o n n e c tio n . G ra p h  th e o ry  a lso  h a s  th e  a b ility  to  m o d e l th e  c o m b in a tio n s , a s so c ia tio n s , an d
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in te rc o n n e c tiv i t ie s  b e tw e e n  th e  fa c to rs  o r  c a u se s  o n  tw o  lev e ls : g lo b a l (m e a n in g  o n  th e  

e n tire  n e tw o rk  le v e l)  a n d  lo ca l (m e a n in g  o n  th e  s u b -n e tw o rk s ’ le v e ls )  (A k b a ria n  an d  

E rfa n ia n , 2 0 1 9 ). H e n c e , g ra p h  th e o ry  w a s  u ti l iz e d  to  d e te rm in e  th e  c ritic a l c o m b in a tio n s  

a n d  a s so c ia tio n s  b e tw e e n  th e  d if fe re n t  c a u se s  o f  c o n s tru c tio n  fa ta litie s .

5.4. METHODOLOGY

A  d a ta -d r iv e n  m e th o d o lo g y  c o m p rise d  o f  th re e  m a in  s te p s  w a s  fo llo w e d  as 

s u m m a riz e d  in  F ig u re  5 .2 . A ll n e e d e d  d e ta ils  p e r ta in in g  to  e a c h  o n e  o f  th e  th re e  s tep s  a re  

p re s e n te d  in  th e  fo llo w in g  su b se c tio n s .

F a ta lity  
Cause i

Fa ta lity  
Cause j

-----  S pectra l c lu s te ring  a lg o r ith m  ----- O utcom e C lustered Graph

Data p re -processing Number of clusters
o W e ig h te d  a d jacency m a tr ix K clusters  (A
o O p tim a l n um be r o f c lusters

Data processing
o Degree m a tr ix
o G raph Laplacian
o Eigenvalues and e igenvecto rs
o D im ension  re d uc tio n

F requent p a tte rn  m in in g  and
O utcom e

A p r io n  a lg o rith m s

Data p re -processing C ritica l c o m b ina tio ns  and
D ivis ion o f th e  re ference associa tions b e tw e en  th e
m a tr ix  M  in to  k subm atrices co n s tru c tio n  fa ta lity  causes

Data processing
Fa ta lityQ u a n tific a tio n  o f th e
Cause nassociations

E valuation o f  th e  associa tions
V isua liza tion  o f th e

C om b inations and associa tionsassociations
w ith in  each c luster

Graph
O utcom e

60 x 100 re fe rence  m a tr ix  M

Data co lle c tion  and data
p re pa ra tion

t-H • C om prehensive  lis t o f 60 fa ta lity
Q . causes
4-f • 100 OSHA case files
CO

F ig u re  5 .2  R e s e a rc h  m e th o d o lo g y .
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5.4.1. Step 1: Data Collection and Data Preparation. T h is  s u b se c tio n  p ro v id e s  

all d e ta ils  re la te d  to  th e  d a ta  c o lle c tio n  a n d  d a ta  p re p a ra tio n  e ffo rts .

5.4.1.1. Fatality causes and case files. T h e  f ir s t  s tep  to  d e te rm in e  th e  c ritic a l 

c o m b in a tio n s  b e tw e e n  th e  c a u se s  le a d in g  to  c o n s tru c tio n  fa ta li tie s  is  to  d e te rm in e  su ch  

c au ses . T h a t sa id , s in c e  n e w  re s e a rc h  w o rk  sh o u ld  b u ild  o n  p re v io u s  re s e a rc h  e ffo r ts  to  

c o n v e y  p ro sp e c tiv e  f in d in g s  th a t  a d d  to  th e  b o d y  o f  k n o w le d g e , th is  se c tio n  o f  th e  

d is s e r ta tio n  u s e d  th e  d a ta  p re s e n t  in  E te ifa  a n d  E l-a d a w a y  (2 0 1 7 )  w h e re  a  l is t  o f  6 6  c a u se s  

w a s  id e n tif ie d . I t  is  w o r th  m e n tio n in g  th a t  so m e  c h a n g e s  w e re  p e rfo rm e d  to  E te ifa  a n d  E l-  

a d a w a y ’s (2 0 1 7 )  l is t  o f  6 6  c a u se s  in  th is  se c tio n  o f  th e  d is s e r ta t io n  b y  re m o v in g  th e  

re d u n d a n t a n d  u n c o n tro lla b le  c au ses . In  r e la tio n  to  th a t, a  f in a l l is t  o f  6 0  c a u se s  w a s  

o b ta in e d  as  sh o w n  in  T a b le  5 .1 . T h e  d is tr ib u tio n  o f  th e  k e y  d ire c t  c a u se s  ( ra th e r  th a n  ro o t  

c a u se s )  fo r  th e  in v e s t ig a te d  fa ta li tie s  is  sh o w n  in  F ig u re  5.3.

F ig u re  5.3 D ire c t  c a u se s  o f  fa ta litie s .
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T a b le  5.1 C a u se s  o f  fa ta li ty  a c c id e n ts ;  a d a p te d  f ro m  E te ifa  a n d  E l-a d a w a y  (2 0 1 7 ).

C a u se

n u m b e r

C o n s tru c tio n  fa ta li ty  c a u se

C1 D a m a g e d , d e fe c tiv e , o r  m a lfu n c tio n in g  e q u ip m e n t

C 2 L a c k  o f  n e c e s sa ry  E q u ip m e n t

C3 P o o r  E q u ip m e n t h a n d lin g  a n d  n o t  fo llo w in g  p ro p e r  o p e ra tio n  p ro c e d u re s  o r  

m a n u fa c tu re r 's  sp e cs

C 4 U s e  o f  n o n -su ita b le  e q u ip m e n t

C5 E q u ip m e n t/s p o il  o n  e x c a v a tio n  ed g e

C 6 V ib ra tio n  in  e x c a v a tio n

C 7 E q u ip m e n t t ip p in g

C 8 P o o r  L a b e lin g

C 9 Im p ro p e r  u se  o f  P P E

C 1 0 N o  P P E

C 11 N o  fa ll a rre s t  sy s te m , g u a rd ra ils  o r  sa fe ty  ne ts .

C 1 2 N o  c a b le  in su la tio n

C 13 N o t  w e a r in g  se a tb e lt

C 1 4 S a fe ty  e le m e n t fa ilu re

C 15 N o /d a m a g e d  C a v e  in  p ro te c tio n

C 1 6 N o  p ro te c tio n  f ro m  tra f f ic

C 1 7 In a p p ro p r ia te  d e c k in g

C 18 L a c k  o f  e m p lo y e e  k n o w le d g e

C 1 9 L a c k  o f  c o o rd in a tio n  o f  s ite  a c tiv it ie s

C 2 0 P o o r  to o l h a n d lin g

C 21 In a p p ro p r ia te  to o ls  u s e d

C 2 2 P o o r  M a te r ia l  H a n d lin g

C 23 P o o r  s to ra g e

C 2 4 H ig h  e x p o su re  to  c h e m ic a l

C 25 W e t M a te r ia l

C 2 6 E m p lo y e r  g ro ss  n e g lig e n c e

C 2 7 E m p lo y e r  a llo w e d  e m p lo y e e  to  w o rk  in  an  u n s a fe  e n v iro n m e n t

C 28 L a c k  o f  k n o w le d g e  b y  e m p lo y e r  a b o u t s ite  c o n d itio n s

C 2 9 L a c k  o f  c le a r  e m p lo y e r  in s tru c tio n s

C 3 0 F a ilu re  to  p ro p e r ly  lo c a te  U ti li tie s

C 31 L a c k  o f  p re v e n tiv e  a c tio n

C 3 2 N o  f ir s t  a id  p e rso n n e l

C 33 L a c k  o f  s u p e rv is io n  a n d /o r  a b se n c e  o f  c o m p e te n t  o r  n e c e s s a ry  p e rso n n e l

C 3 4 V e h ic le  o b s e rv e r  e rro r



T a b le  5.1 C a u se s  o f  fa ta li ty  a c c id e n ts ;  a d a p te d  f ro m  E te ifa  a n d  E l-a d a w a y  (2 0 1 7 ).
(C o n tin u e d ) .

153

C 35 O p e ra tio n  c a rr ie d  o u t b y  n o n c o m p e te n t  in d iv id u a l

C 3 6 E m p lo y e e  m is c o n d u c t

C 3 7 W illfu l ly  e x p o s in g  s e l f  to  h a z a rd o u s  s itu a tio n

C 38 M is ju d g m e n t o f  h a z a rd o u s  s itu a tio n

C 3 9 L a c k  o f  sp e c if ic  o n  th e  jo b  tra in in g

C 4 0 L a c k  o f  g e n e ra l h e a lth  a n d  sa fe ty  tra in in g

C 41 J o b s ite  in sp e c tio n  re la te d

C 4 2 L a c k  o f  In sp e c tio n  fo r  e q u ip m e n t a n d  to o ls

C 43 P o o r  A s s e m b lin g  o f  e q u ip m e n t/s c a f fo ld /d e c k in g /fo rm w o rk

C 4 4 E rro r  in  d e s ig n

C 45 F a ilu re  o f  s tru c tu ra l e le m e n t

C 4 6 C o lla p se  o f  s tru c tu re

C 4 7 O v e r  e x c a v a tin g

C 48 N o  sa fe  a c c e s s  to  s ite /s c a ffo ld /tre n c h

C 4 9 P o o r  h o u s e k e e p in g

C 5 0 N o  sa fe  e x it  to  s ite

C 51 W o rk in g  su rfa c e  c o n d it io n  n o t  su ite d  to  ta s k

C 5 2 S ite  o b s tru c tio n

C 53 N o  sa fe  w a lk w a y s

C 5 4 N o  s ite  su rv e y

C 55 In a p p ro p r ia te  l ig h tin g

C 5 6 N o t  fo llo w in g  p ro p e r  w o rk  p ro c e d u re s

C 5 7 N o  h a z a rd  id e n tif ic a t io n /  c o m m u n ic a tio n  p ro g ra m

C 58 N o  te s t in g  p ro c e d u re  fo r  e q u ip m e n t

C 5 9 N o  e ffe c tiv e  e m e rg e n c y  p la n

C 6 0 L a c k  o f  sa fe  w o rk in g  p ro c e d u re s

T h e  s tu d y  c o n d u c te d  b y  E te ifa  a n d  E l-a d a w a y  (2 0 1 7 )  w a s  s e le c te d  d u e  to  its  

fe a s ib il ity  to  th e  sc o p e  a n d  p u rp o se  o f  th is  se c tio n  o f  th e  d isse r ta tio n . M o re  sp e c if ic a lly , 

th is  e x is t in g  s tu d y  h a s  in v e s t ig a te d  th e  fa ta li tie s  in  th e  c o n s tru c tio n  in d u s try  r a th e r  th a n  

sa fe ty  a c c id e n ts  in  g e n e ra l  (su c h  as o c c u p a tio n a l in ju r ie s ) . A lso , th is  e x is t in g  s tu d y  h a s
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fo c u s e d  o n  th e  U S  c o n s tru c tio n  in d u s try  in  sp e c if ic  a n d  h a s  p ro v id e d  a  c o m p re h e n s iv e  l is t  

th a t  in c lu d e s  th e  m o s t  p e r t in e n t  c a u se s  c o n tr ib u tin g  to  c o n s tru c tio n  fa ta li t ie s  in  th e  U S . In  

a d d itio n , th e  s tu d y  b y  E te ifa  a n d  E l-a d a w a y  (2 0 1 7 )  u s e d  so c ia l n e tw o rk  a n a ly s is  to  s tu d y  

th e  r e la tio n s h ip s  b e tw e e n  th e  fa ta l a c c id e n t ro o t  c a u se s  a n d  th e  c o m m o n ly  q u o te d  d ire c t 

c a u se s  a n d  fo u n d  th a t  la c k  o f  jo b -s p e c if ic  tra in in g  is  th e  m o s t  c e n tra l c a u se  o f  s tru c k  b y  

a n d  c a u g h t in  b e tw e e n  a c c id e n ts  a n d  th a t  th e  a b se n c e  o f  fa ll a rre s t  sy s te m s , la c k  o f  jo b s i te  

tra in in g , a n d  la c k  o f  p e rso n a l p ro te c tiv e  e q u ip m e n t a re  th e  m o s t  in te r re la te d  ro o t  cau ses .

T h e  d a ta  a n a ly z e d  in  re la tio n  to  th e  60  c o n s tru c tio n  fa ta li ty  c a u se s  w a s  s a m p le d  

u s in g  th e  s tra tif ie d  ra n d o m  sa m p lin g  te c h n iq u e  f ro m  th e  m o s t  r e c e n t  c o m p le te  a v a ila b le  

c o m p le tio n  O S H A  n a tio n a l fa ta l a c c id e n t  c a se  f ile s  f ro m  th e  C o n s tru c tio n  In d u s try  

R e s e a rc h  a n d  P o lic y  C e n te r  (C IR P C ). T h o se  f ile s  a re  p re p a re d  b y  O S H A  c o m p lia n c e  

o ff ic e rs  a f te r  th e  o c c u rre n c e  o f  an y  fa ta l a c c id e n t; a  to ta l  o f  100 fa ta li ty  c a se  f ile s  w e re  

secu red . E a c h  o n e  o f  th e s e  c a se  f ile s  in c lu d e d  an  in sp e c tio n  su m m a ry , s ite  w a lk  a ro u n d , 

O S H A  c ita tio n s , in sp e c tio n  n a rra tiv e s , sa fe ty  n a rra tiv e s , c h e c k lis ts , a n d  in te rv ie w s  fo r  

p e rso n n e l r e le v a n t  to  th e  fa ta l a c c id e n t. B a s e d  o n  th e  d a ta  p re s e n t  in  th e  c a se  f ile s , th e  d a ta  

w a s  p re p a re d  in  a  6 0 * 1 0 0  m a tr ix  fo rm a t w h e re  e a c h  ro w  c o rre s p o n d s  to  e a c h  o n e  o f  th e  60  

fa ta li ty  c a u se s , a n d  e a c h  o n e  o f  th e  c o lu m n s  c o rre s p o n d s  to  e a c h  o n e  o f  th e  100 c a se  files. 

I f  a  f a ta li ty  c a u se  w a s  m e n tio n e d  in  a  c a se  file , a  v a lu e  o f  1 is  e n te re d  in to  its  c o rre s p o n d in g  

ce ll; o th e rw ise , a  v a lu e  o f  0 is  e n te red . T h e  p ro c e s s  o f  th e  tra n s fo rm a tio n  o f  th e  100 ca se  

f ile s  to  a  d ig ita l m a tr ix  fo rm a t w a s  p e rfo rm e d  b y  fo llo w in g  m u lt ip le  s tep s . F irs t, th e  100 

c a se  f ile s  w e re  c o lle c te d  a n d  d o w n lo a d e d  f ro m  th e  C IR P C  d a ta b a se . S e c o n d , e a c h  o n e  o f  

th e s e  c a se  f ile s  w a s  in sp e c te d  b y  e x a m in in g  th e  f a ta li ty - re la te d  in fo rm a tio n  re p o r te d  in  

e a c h  file . In  re la tio n  to  th a t, th e  c o lle c te d  c a se  f ile s  in c lu d e d  th e  fo llo w in g  in fo rm a tio n : (1 )
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q u o te d  d ire c t  c a u se  o f  th e  fa ta l a c c id e n t, (2 )  th e  ro o t  c a u se  o f  th e  fa ta l a c c id e n t, (3 )  n u m b e r  

a n d  c o d e s  o f  q u o te d  O S H A  c ita tio n s  l in k e d  to  th e  fa ta l a c c id e n t, (4 )  th e  s ta te  in  w h ic h  th e  

f a ta li ty  o c c u rre d , (5 )  th e  fu n c tio n  o f  th e  w o rk s ite , (6 )  w h e th e r  th e  v ic t im  w a s  c o n d u c tin g  

th e ir  r e g u la r  a s s ig n e d  ta sk , a n d  (7 )  th e  ro le  o f  th e  v ic t im  in  th e  fa c ility . T h ird , th is  

in fo rm a tio n  w a s  re v ie w e d  to  e n su re  th a t  th e  c o lle c te d  d a ta  is  o rg a n iz e d  a n d  c o n s is te n t  

a m o n g  all 100 c a se  f ile s  a n d  th a t  th e re  is  n o  m is s in g  in fo rm a tio n . F o u r th , to  b e  a b le  to  

p e rfo rm  th e  n e e d e d  q u a n ti ta t iv e  a n a ly s is  fo r  th is  in fo rm a tio n , th e  c o lle c te d  d a ta  w a s  

tra n s fo rm e d  in to  a  d ig ita l fo rm a t th ro u g h  a  s im p le  a n d  s tra ig h t fo rw a rd  m a n u a l m a p p in g  

b e tw e e n  e a c h  o n e  o f  th e  c a u se s  th a t  a re  p re s e n t  in  T a b le  5.1 a n d  th e  a s so c ia te d  c a se  file . 

S in c e  th e  d a ta  w a s  p re p a re d  b y  O S H A  c o m p lia n c e  o ffic e rs , th e  f a ta li ty  c a u se s  w e re  v e ry  

c le a rly  sp e c if ie d  in  e a c h  o n e  o f  th e  c a se  f ile s  a n d  th u s  th e re  w a s  n o  s u b je c tiv e  in te rp re ta t io n  

o f  th e s e  f ile s . In  r e la tio n  to  th a t, n o  su b je c tiv ity  w a s  in tro d u c e d  in  th e  m a n u a l 

tra n s fo rm a tio n  o f  th e  in fo rm a tio n  in to  a  d ig ita l m a tr ix  fo rm a t. A lso , s in c e  th e  sa m e  fa ta li ty  

c a u se  c a n n o t b e  re p e a te d  in  th e  sa m e  c a se  f ile  m o re  th a n  o n ce , a  b in a ry  m a tr ix  fo rm a t w a s  

en o u g h . T h a t sa id , i f  o n e  o f  th e  6 0  fa ta li ty  c a u se s  in  T a b le  5.1 w a s  m e n tio n e d  in  an y  o n e  

o f  th e  100 c a se  f ile s , a  v a lu e  o f  1 w a s  m a n u a lly  e n te re d  in to  i ts  c o rre s p o n d in g  ce ll; 

o th e rw ise , a  v a lu e  o f  0 w a s  e n te red . U lt im a te ly , th is  h a s  re s u lte d  in  a  b in a ry  6 0 * 1 0 0  m a tr ix , 

w h ic h  is  re fe rre d  to  as th e  r e fe re n c e  m a tr ix  ( M )  in  th is  s e c tio n  o f  th e  d is se r ta tio n . I t  is  w o r th  

m e n tio n in g  th a t  s im ila r  m a n u a l tra n s fo rm a tio n  w a s  p e rfo rm e d  b y  m a n y  p re v io u s  re se a rc h  

s tu d ie s  su ch  as th e  w o rk s  c o n d u c te d  b y  A ss a a d  a n d  E l-A d a w a y  (2 0 2 0 d )  a n d  A b d u l N a b i 

a n d  E l-a d a w a y  (2 0 2 0 ), ju s t  to  n a m e  few .

5.4.I.2. Sufficiency of the sample size. I t  is  w o r th  m e n tio n in g  th a t  th e  o b ta in e d  

100 c a se s  a re  n o t  100 c o m b in a tio n s  o f  sa fe ty  f a ta li ty  fac to rs . In  fac t, m u lt ip le  fa ta li ty
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c a u se s  h a v e  b e e n  re p o r te d  in  e a c h  o n e  o f  th e s e  100 c a se  f ile s . M o re  sp e c if ic a lly , 4 6 2  

o c c u rre n c e s  w e re  re p o r te d  in  th e  e n tire  100 c a se  f ile s . T h is  to ta l  n u m b e r  o f  4 6 2  o c c u rre n c e s  

is  a c c e p ta b le  c o m p a re d  to  p re v io u s  s im ila r  re se a rc h  w o rk s  th a t  u s e d  d a ta  m in in g  an d  

a s so c ia tio n  a n a ly s is  fo r  3 0 9  o c c u rre n c e s  in  c o n s tru c tio n  p ro je c ts  (L ia o  a n d  P e rn g , 2 0 0 8 ).

O n  th e  o th e r  h a n d , to  te s t  th e  su ff ic ie n c y  o f  th e  100 c a se s  c o n s id e re d  in  th is  se c tio n  

o f  th e  d is se r ta tio n , th e  sa m p le  s iz e s  o f  p a s t  s a fe ty -re la te d  s tu d ie s  h a v e  b e e n  re v ie w e d . In  

re la tio n  to  th a t, L ia o  e t al. (2 0 1 5 )  s tu d ie d  th e  in f lu e n c e  o f  p e rs o n -o rg a n iz a tio n a l  f i t  on  

c o n s tru c tio n  sa fe ty  c lim a te  b a s e d  o n  d a ta  f ro m  80  ac to rs . A lso , W a n g  e t al. (2 0 1 7 b )  s tu d ie d  

th e  h u m a n  sa fe ty  r isk s  a n d  th e ir  in te ra c tio n s  f ro m  a  b ro a d  p ro je c t- s ta k e h o ld e r  p e rs p e c tiv e  

b a s e d  o n  d a ta  p ro v id e d  f ro m  75 s ta k e h o ld e rs . L in g a rd  e t al. (2 0 1 9 )  e x a m in e d  th e  

re la tio n s h ip  b e tw e e n  in tra g ro u p  c o m m u n ic a tio n  re la te d  to  w o rk  h e a lth  a n d  sa fe ty  

p e rfo rm a n c e  a n d  th e  w o rk g ro u p  sa fe ty  c lim a te  b a s e d  o n  d a ta  c o lle c te d  f ro m  39  

w o rk g ro u p s . In  a d d itio n , E sm a e ili  a n d  H a llo w e ll  (2 0 1 2 )  d e te rm in e d  th e  in f lu e n tia l  fa c to rs  

b y  s tu d y in g  th e  d if fu s io n  p a tte rn s  o f  sa fe ty  in n o v a tio n s  in  th e  c o n s tru c tio n  in d u s try  b a se d  

o n  d a ta  c o lle c te d  f ro m  58  c o m p a n ie s . P irz a d e h  a n d  L in g a rd  (2 0 1 7 )  s tu d ie d  th e  d y n a m ic s  

o f  c o n s tru c tio n  d e c is io n  m a k in g  a n d  th e  im p a c t  o n  w o rk  h e a lth  a n d  sa fe ty  b y  e x a m in in g  

th e  in te rc o n n e c tiv i t ie s  in  n e tw o rk  in fo rm a tio n  fo r  4 2  se q u e n tia l d e s ig n  d e c is io n s . 

A lsa m a d a n i e t al. (2 0 1 3 )  a n a ly z e d  th e  in te rc o n n e c tiv i t ie s  b e tw e e n  sa fe ty  p e rfo rm a n c e , 

la n g u a g e  p ro f ic ie n c y , a n d  c o m m u n ic a tio n  p a tte rn s  b a s e d  o n  14 sm a ll c o n s tru c tio n  c re w s  

in  th e  D e n v e r  M e tro p o li ta n  re g io n  in  th e  U n ite d  S ta tes . M o re o v e r , A ll is o n  a n d  K a m in s k y  

(2 0 1 7 )  s tu d ie d  th e  c o n n e c tio n s  b e tw e e n  c o m m u n ic a tio n  p a tte rn s  a n d  c re w  sa fe ty  

p e rfo rm a n c e  b a s e d  o n  d a ta  c o lle c te d  f ro m  8 c o n s tru c tio n  c rew s. M o n te l la  e t al. (2 0 1 1 )
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I t  is  c o n c lu d e d  th a t  th e  s a m p le  s iz e  o f  100 c a se  f ile s  is  s u ff ic ie n t b a s e d  o n  a 

c o m p a r is o n  w ith  th e  sa m p le  s iz e s  th a t  w e re  u s e d  b y  p re v io u s  re le v a n t  sa fe ty  re se a rc h  

w o rk s .

5.4.2. Step 2: Spectral Clustering Algorithm. T h is  s u b se c tio n  p ro v id e s  all d e ta ils  

re la te d  to  th e  im p le m e n te d  sp e c tra l c lu s te r in g  a lg o rith m .

5.4.2.1. Overview. S p e c tra l c lu s te r in g  (S C ) te c h n iq u e  w a s  u s e d  to  c lu s te r  th e  60  

fa ta li ty  c a u se s  b a s e d  o n  th e  s tre n g th  o f  th e  in te rc o n n e c tiv i t ie s  b e tw e e n  th em . SC  is  a 

c lu s te r in g  te c h n iq u e  b a s e d  o n  a lg e b ra ic  a n d  sp e c tra l g ra p h  th e o ry  (J ia  e t a l., 2 0 1 4 ). SC  is 

c o n s id e re d  a  p o w e rfu l c lu s te r in g  m e th o d  u s in g  p a r t i t io n in g  o f  a  g ra p h  (S h in n o u  a n d  S asak i, 

2 0 0 8 ) , o r  e q u iv a le n tly , c lu s te r in g  o f  d a ta  b a s e d  o n  its  m a tr ix  re p re s e n ta tio n  a n d  its  sp ec tra l 

a n a ly s is  (E l M o u d e n  e t a l., 2 0 1 9 ) . In  o th e r  w o rd s , SC  d iv id e s  th e  g ra p h  n o d e s  in to  g ro u p s  

so  th a t  c o n n e c tiv i ty  is  m a x im iz e d  b e tw e e n  n o d e s  in  th e  sa m e  c lu s te r  a n d  th e  c o n n e c tiv ity  

is  m in im iz e d  b e tw e e n  n o d e s  in  d if fe re n t  c lu s te rs  (B ru n sk ill  e t a l., 2 0 0 7 ) . T h is  w o u ld  re s u lt  

in  a n  o p tim a l c lu s te r in g  o f  th e  d a ta  as SC  c o n v e rg e s  o n  th e  g lo b a l o p tim a l so lu tio n  (W a n g  

e t a l., 2 0 2 0 b ); th u s , i t  is  c o n s id e re d  an  in n o v a tiv e  c lu s te r in g  te c h n iq u e  fo r  g ra p h  m a tr ix  

p a r t i t io n in g  (Ja n a n i a n d  V ija y a ra n i, 2 0 1 9 ) . SC  h a s  a ro u s e d  e x te n s iv e  a tte n tio n  in  re c e n t  

re s e a rc h  s tu d ie s  d u e  to  its  so lid  th e o re tic a l  fo u n d a tio n  as w e ll  as its  g o o d  p rac tic a l 

c lu s te r in g  p e rfo rm a n c e  (J ia  e t a l., 2 0 1 4 ) . T h a t sa id , SC  is  c o n s id e re d  o n e  o f  th e  m o s t 

p o p u la r  a n d  m o s t  c o m m o n ly  u s e d  m o d e rn  c lu s te r in g  a p p ro a c h e s  (L iu  e t a l., 2 0 1 9 b ) . T h e  

u n iq u e  c a p a b ili t ie s  o f  S C  m a d e  i t  re c e iv e  m u c h  a tte n tio n  as a  c o m p e tit iv e  c lu s te r in g

identified crash contributory factors and studied the interdependences and associations

between them based on 15 urban projects.
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5.4.2.2. Data preprocessing. The two needed inputs for the SC algorithm are the 

weighted adjacency matrix and the number of clusters (Von Luxburg, 2007). As such, this 

subsection details how these two inputs are determined during data preprocessing.

Weighted adjacency matrix: before processing the data, the data needs to be 

preprocessed as to construct a weighted n by n adjacency matrix (W) (Xu et al., 2019). W  

is calculated by multiplying the reference matrix M  by its transpose and replacing the 

diagonal values by zeros (Abotaleb and El-adaway, 2018) as provided by Equation (20).

algorithm emerging in recent years (Wang et al., 2019b). Based on the aforementioned

information, SC was employed in this section of the dissertation.

Mnxm - Mmxn fOT i ^  j  
0 f o r i  = j

(2 0 )

where W  is the adjacency matrix with elements w j  such that W  = (wj) G R nxn, M  is the 

reference matrix, M T is the transpose of the reference matrix, n  is the number of fatality 

causes (i.e. 60), m  is the number of case files (i.e. 100). Figure 5.4 shows a demonstrative 

example of how the weighted adjacency matrix is calculated.

Once the weighted adjacency matrix W is obtained, the fatality-causation 

interdependencies could be represented as a weighted undirected graph G  = (V, E ) with the 

vertex set V ={v j,v 2 , . . . ,v n] such that vertex Vi represents the fatality cause C i, and EcV * V 

is the edge set where a nonnegative weight wi/=w7-i>0 [calculated using Equation (20)] is 

associated for each edge (i , j ) G E  between two vertices Vi and Vj.
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Determination of the optimal number of clusters: after obtaining the matrix W, the 

optimal number of clusters k  shall be determined. In relation to that, the silhouette 

score/width method (Rousseeuw, 1987) was used since it is the most popular technique for 

determining the optimal number of clusters (Chang and Chi, 2019). The optimal value k  of 

clusters is identified based on the highest silhouette score (Oskouie et al., 2017) with k>2. 

The silhouette score is calculated using Equation (21).

5  =
b - a

max (a,b) (2 1 )

where S  is the silhouette score, a  is the mean intracluster distance, and b is the distance 

between a sample and the nearest cluster that the sample is not a part of.

5.4.2.3. Data processing. Once the matrix W  and the optimal number of clusters 

(k) are obtained, the SC algorithm could be applied according to the steps presented in the 

next subsections and that are mentioned in Von Luxburg (2007) and Ng et al. (2002).

Determination of the optimal number of clusters: The degree of a vertex vtEV  is 

obtained using Equation (22).

d i = T j= 1w ij (22)

In relation to that, the n*n degree matrix D  is defined as the diagonal matrix with 

the degrees di,d.2 ,...,dn on the diagonal, and it is obtained using Equation (23). In other 

words, the (i, i)-elements of the matrix D  are calculated as the sum of W s  ith row.
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D = diag(di) (23)

where d i = (W1)i and 1 = (1, ..., 1)T G Rn is the indicator vector.

Decomposition of the graph Laplacian matrix: the main tools for SC are graph 

Laplacian matrices. First, the n*n unnormalized graph Laplacian L  matrix is obtained using 

Equation (24).

L = D - W ,  i .e . ,L(W) = d i a g ( W l ) — W (24)

where D  is the degree matrix, W  is the weighted adjacency matrix, and 1 the indicator 

vector. Based on the obtained L  matrix, the n*n normalized symmetrical graph Laplacian 

L Sym is obtained using Equation (25).

Lsym = D-1/2LD-1/2 = I — D-1/2W D -1/2 (25)

where D  is the degree matrix, L  is the unnormalized graph Laplacian matrix, I  is the identity 

matrix, and W  is the weighted adjacency matrix.

Calculation of the eigenvalues and eigenvectors: once L Sym is obtained, its 

eigenvalues (k) and eigenvectors (e) are calculated based on Equation (26).

LSym-e = k . e  w ith lLsym — Al| = 0  (26)

where X is a scalar, e is a vector, and I  is the identity matrix.
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Dimension reduction and determination of clusters: the dimensionality of the data 

is reduced by constructing the matrix U  G Rnxk through stacking the largest k  eigenvectors 

in columns. Next, the matrix T G Rnxk is obtained by normalizing each of U s  rows to have 

unit length (a norm of 1) using Equation (27).

It is to be noted that for each vertex Vi, there exists one eigenvalue and one

eigenvector (i.e., n eigenvalues in total and n eigenvectors in total for all v )

t  - = ------- ------
l]  ( M fc)l/2

(27)

Let yi G R k be the vector corresponding to the ith row of matrix T  for i=1,.. ,,n. By 

treating each yi as a point in R k, these points are clustered into k  clusters (Ai, ..., Ak) via k- 

means. The end output is k  clusters that group the 60 fatality causes based on the strength 

of their interconnectivities.

5.4.2.4. Coding and software libraries. It is worth mentioning that the data 

preprocessing and processing steps for the SC algorithm were performed using Python. 

Table 5.2 shows the utilized libraries along with their associated use for this research.

Table 5.2 Used python libraries for the spectral clustering algorithm.

Library Use
Pandas Data manipulation and analysis for data structures and numerical tables
Numpy Add support for large and multi-dimensional arrays and matrices as well as 

provide high-level mathematical functions to operate on the arrays and 
matrices

Matplotlib Data plotting (two dimensional)
Seaborn Data visualization (matrix format)
Sklearn Machine learning and clustering

https://ascelibrary.org/doi/10.1061/%28ASCE%29CO.1943-7862.0002040
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5.4.3. Step 3: Frequent Pattern Mining and Apriori Algorithm. A fte r  

c la s s ify in g  e a c h  o f  th e  60  fa ta li ty  c a u se s  in to  th e ir  re s p e c tiv e  c lu s te rs , a  d e te rm in a tio n  an d  

q u a n tif ic a tio n  o f  c ritic a l c o m b in a tio n s  a n d  a s so c ia tio n s  b e tw e e n  th e  d if fe re n t  fa ta li ty  

c a u se s  w ith in  e a c h  c lu s te r  w a s  p e rfo rm e d  u s in g  th e  f re q u e n t p a tte rn  m in in g  (F P M ) m e th o d  

a n d  th e  A p r io ri  a lg o r ith m  as d e ta ile d  in  th e  n e x t su b s e c tio n s .

5.4.3.1. Overview. F P M  a n d  A p r io r i  a lg o r i th m s  a re  c o n s id e re d  o n e  o f  th e  k ey  

a p p ro a c h e s  to  s tu d y  th e  c o m b in a tio n s  a n d  a s so c ia tio n s  b e tw e e n  d if fe re n t  fa c to rs  o r  c a u se s  

(Jo sh i e t a l., 2 0 1 8 ; S u sy m a ry  a n d  L a w ra n c e , 2 0 1 7 ) . F P M  is a lso  re fe r re d  to  as a s so c ia tio n  

ru le  m in in g /a n a ly s is  o r  m a rk e t  b a s k e t  a n a ly s is  (P a te l, 2 0 1 8 ). F P M  is  c o n s id e re d  a  v e ry  

im p o r ta n t  f ie ld  fo r  m in in g  o f  th e  a s so c ia tio n  ru le  to  e x tra c t m e a n in g fu l in fo rm a tio n  fro m  

la rg e  d a ta  se ts  (S in g h , 2 0 1 9 b ) . In  fac t, F P M  is  an  e m in e n t a s so c ia tio n  m e th o d  to  q u a n tify  

th e  c o m b in a tio n s  b e tw e e n  v a r ia b le s , fa c to rs , o r  c a u se s  in  a  d a ta  se t (H o sse in i e t a l., 2 0 1 8 ). 

T h e  p r im a ry  p u rp o se  o f  F P M  is  to  d is c o v e r  o b s c u re  p a tte rn s /c o m b in a tio n s  h id d e n  in  a  m a ss  

o f  d a ta  (C h e n g  e t a l., 2 0 1 0 ) . T h a t sa id , F P M  is  c o n s id e re d  an  im p o r ta n t  k n o w le d g e  

d isc o v e ry  te c h n iq u e  in  d a ta  m in in g  (H te t, 2 0 1 9 ).

O n  th e  o th e r  h a n d , th e  f ir s t  a lg o r ith m  fo r  f re q u e n t p a tte rn  m in in g  is  A p rio ri 

(F o u rn ie r-V ig e r , e t a l., 2 0 1 9 ) . T h e  A p r io ri  a lg o r ith m  is  o n e  o f  th e  m o s t  p o p u la r  F P M  

a lg o r ith m  fo r  n u m e ro u s  re a so n s  s u m m a riz e d  b y  R a h m a n  e t al. (2 0 1 9 ), in c lu d in g  (1 ) i t  is  

e ffe c tiv e  to  f in d  f re q u e n t c o m b in a tio n s  a n d  p a tte rn s ; (2 )  i t  is  v e ry  e a sy  to  u n d e rs ta n d  an d  

im p le m e n t;  a n d  (3 )  i t  u se s  c o m p a ra tiv e ly  le s s  m e m o ry . B a s e d  o n  all a fo re m e n tio n e d  

in fo rm a tio n , F P M  a n d  A p r io ri  a lg o r ith m  w e re  u sed .

5.4.3.2. Data preprocessing. A fte r  c lu s te r in g  th e  60  c a u se s  in to  k  c lu s te rs  u s in g  

th e  SC  a lg o r ith m , th e  d a ta  o n  th e  60  fa ta li ty  c a u se s  w a s  p re p ro c e s s e d  to  b e  a n a ly z e d  u s in g
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pertaining to Cluster Ai (obtained from the SC algorithm in Step 2). That said, FPM and 

Apriori algorithm are applied for each submatrix Wi. Figure 5.5 shows a demonstrative 

example on the data preprocessing before the application of the FPM and the Apriori 

algorithm.

FPM and Apriori algorithm. That said, the reference matrix M  was divided into k

submatrices Wi ,  W2, Wk where each submatrix Wi includes the set of fatality causes

Figure 5.5 Demonstrative example for data pre-processing for the frequent pattern mining
and Apriori algorithms.

5.4.3.3. Data processing. This subsection provides all details related to the data 

processing efforts for the FPM and Apriori algorithm.

Quantification of the associations: after preprocessing of the data, the Apriori 

algorithm was used for performing the FPM. Let C  = {Ci, Cj} be the set of fatality
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c a u se s  (c a lle d  i te m se t; i f  an  i te m s e t  h a s  q  i te m s  i t  is  c a lle d  a  q- ite m se t)  re p re s e n te d  b y  

C lu s te r  A j . L e t  C f  =  { f i , f 2, f n}  b e  th e  a s so c ia te d  se t o f  c a se  f ile s  th a t  r e p re s e n t  th e  se t 

C , w h e re  e a c h  f i is  a  se t o f  fa ta li ty  c a u se s  p re s e n t  in  c a se  f ile  i  su c h  th a t  f i £  C . F o r  in s ta n c e , 

i f  a  c a se  f ile  in c lu d e s  th e  f a ta li ty  c a u se s  C i , C 4 , a n d  C 1 0 , th e n  th e  c o rre s p o n d in g  c a se  f ile  

c a n  b e  e x p re s s e d  as th e  se t o f  fa ta li ty  c a u se s  {Ci , C 4 , C 1 0 } .  T h e  c o m b in a tio n s  o r  

a s so c ia tio n s  b e tw e e n  th e  d if fe re n t  fa ta li ty  c a u se s  c o u ld  th e n  b e  e x p re s se d  as C i ~  Cj , w h e re  

Ci, C j £  C  a n d  C i f l C j =  0 .  T h e  f re q u e n t f a ta li ty  c a u se s  a re  c a lc u la te d  u s in g  th e  m e a s u re  

su p p o rt fo r  e a c h  fa ta li ty  c a u se  C i as p ro v id e d  in  E q u a tio n  (28).

O n  th e  o th e r  h a n d , th re e  m e a s u re s  a re  u s e d  to  e v a lu a te /q u a n ti ty  th e  a s so c ia tio n s  

b e tw e e n  th e  fa ta li ty  cau ses : (1 ) su p p o rt, (2 )  c o n fid e n c e , a n d  (3 ) l i f t  (S h i e t a l., 2 0 1 9 ). T h e  

su p p o rt m e a s u re  re f le c ts  h o w  f re q u e n tly  th e  c o m b in a tio n  is  a p p lic a b le  in  th e  d a ta  set, th e  

c o n fid e n c e  m e a s u re  r e p re s e n ts  th e  p re d ic ta b ili ty  o f  th e  c o m b in a tio n , a n d  th e  l i f t  m e a su re  

d e te rm in e s  th e  a s so c ia tio n s  b e tw e e n  th e  s im u lta n e o u s  o c c u rre n c e s  b e tw e e n  th e  c a u se s  (L iu  

e t a l., 2 0 1 8 ; M a te o s , e t a l., 2 0 1 9 ) . T h e se  th re e  m e a s u re s  a re  c a lc u la te d  u s in g  E q u a tio n  (2 9 ) 

to  (3 1 ), re sp e c tiv e ly . I t  is  w o r th  m e n tio n in g  th a t  th e  d if fe re n c e  b e tw e e n  E q u a tio n  (2 8 ) an d  

E q u a tio n  (2 9 ) is th a t  th e  fo rm e r  c a lc u la te s  th e  s u p p o rt fo r  e a c h  in d iv id u a l f a ta li ty  cau se , 

w h e re a s  th e  la t te r  c a lc u la te s  th e  s u p p o rt fo r  a  p a ir  o r  c o m b in a tio n  o f  f a ta li ty  cau ses .

S u p p o r t  ( C i )  =
N u m b e r  o f  c a s e  f i l e s  t h a t  c o n t a i n  th e  f a t a l i t y  c a u s e  C;

(2 8 )N u m b e r  o f  a l l  c a s e  f i l e s  in  th e  c l u s t e r

S u p p o r t  ( C i  ~  C j )  =
N u m b e r  o f  c a s e  f i l e s  t h a t  c o n t a i n  Ci a n d  C j

(2 9 )
N u m b e r  o f  a l l  c a s e  f i l e s  in  th e  c l u s t e r



166

C o n f i d e n c e  ( C i  ~  C j )  =
N um b er o f  case f i le s  tha t co n ta in  C i and C j  

N um b er o f  case f i le s  that co n ta in  Ci
(3 0 )

L i f t  ( C i  ~  C j )
Support (Ci ~  C j)

(Number o f  case f i le s  that contain C i)x(N um ber o f  case f i le s  that contain C j) (3 1 )

E v a lu a tio n  o f  th e  a s so c ia tio n s : th e  s u p p o rt a n d  c o n fid e n c e  m e a s u re s  a re  u s e d  to  

c o n tro l th e  n u m b e r  o f  c o m b in a tio n s  a n d  a s so c ia tio n s  to  p ro v id e  m e a n in g fu l re su lts  

(K a d im ise tty , 2 0 1 8 ). In  r e la tio n  to  th a t, th re s h o ld  v a lu e s  fo r  th e  su p p o rt a n d  c o n fid e n c e  

m e a s u re s  a re  re q u ire d  (L ia o  a n d  P e rn g , 2 0 0 8 ) . In  o th e r  w o rd s , th e  id e n tif ie d  c o m b in a tio n s  

a n d  a s so c ia tio n s  b e tw e e n  th e  c o n s tru c tio n  fa ta li ty  c a u se s  sh a ll s a tis fy  th e  c o n d itio n s  

p re s e n t  in  E q u a tio n  (3 2 )  a n d  E q u a tio n  (3 3 ) (H a h s le r  a n d  C h e llu b o in a , 2 0 1 1 ).

S u p p o r t  ( C i  ~  C j )  >  o  (3 2 )

C o n f i d e n c e  ( C i  ~  C j )  > 8  (3 3 )

w h e re  a  a n d  3  a re  m in im u m  th re s h o ld s  fo r  s u p p o r t  a n d  c o n fid e n c e  m e a su re s , re sp e c tiv e ly .

T o  th is  en d , a  su p p o rt th re s h o ld  a  =  0 .01  a n d  a  c o n fid e n c e  th re s h o ld  3  =  0 .7 5  w e re  

u s e d  s in c e  th e y  a re  th e  re c o m m e n d e d  v a lu e s  to  p ro v id e  u se fu l a n d  n o te w o rth y  

c o m b in a tio n s  a n d  a s so c ia tio n s  (V e rm a  e t a l., 2 0 1 4 ; H o s s e in i e t a l., 2 0 1 8 ). F ig u re  5 .6  sh o w s  

th e  s im p lif ie d  s te p s  p e rfo rm e d  fo r  th e  id e n tif ic a t io n  a n d  e v a lu a tio n  o f  th e  c o m b in a tio n s
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a n d  a s so c ia tio n s  b e tw e e n  th e  c o n s tru c tio n  fa ta li ty  c a u se s  b a s e d  o n  th e  th re s h o ld  v a lu e s  fo r  

th e  su p p o rt a n d  c o n fid e n c e  m e a su re s . I t  is  w o r th  m e n tio n in g  th a t  th e  s te p s  p re s e n t  in  F ig u re  

5 .6  a re  p e rfo rm e d  in  a n  i te ra tiv e  m a n n e r  fo r  e a c h  o n e  o f  th e  k  c lu s te rs .

Is su p p o rts  
threshold 

su p p o rt o?

Is co nfid en ce 
>  threshold  

co nfid en ce  6?,

Calculate co nfid en ce  for each no n -em p ty su b -set

Not a co n fid e n tsu b -se t

Generate the strong a sso cia tio n s b etw een the d ifferent
construction fa ta lity  causes and ca lcu late  th e ir lift values

Start

Scan th e  dataset and id en tify
all constru ctio n  fata lity  causes

G enerate  sets p o ssessing one fata lity  cause o n ly  {1-
item sets) and calcu late  su p p o rt for each o f the 1-item set

Not a freq u en t item  set

Add item s to  the freq u en t item -set o f fata lity  causes

F ig u re  5 .6  I te ra tiv e  s te p s  to  id e n tify  a n d  e v a lu a te  th e  a s so c ia tio n s  b e tw e e n  fa ta li ty  cau ses .

V is u a liz a t io n  o f  th e  a s so c ia tio n s :  a ll o b ta in e d  a s so c ia tio n s  w e re  v isu a liz e d  u s in g  

tw o -d im e n s io n a l  (2 D ) s c a tte r  p lo t. In  a d d itio n , th e  p a ra lle l  c o o rd in a te s  p lo t  w a s  u s e d  to  

v isu a liz e  th e  m u lt id im e n s io n a lity  o f  th e  o b ta in e d  c o m b in a tio n s  b e tw e e n  th e  fa ta li ty  cau ses .
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5.4.3.4. Coding and software libraries. I t  is  w o r th  m e n tio n in g  th a t  all th e  c o d in g  

a n d  a s so c ia te d  a n a ly se s  re q u ire d  fo r  th e  F P M  a n d  A p r io ri  a lg o r ith m  w e re  p e rfo rm e d  in  R  

u s in g  R S tu d io . R S tu d io  is  an  in te g ra te d  d e v e lo p m e n t e n v iro n m e n t (ID E ) fo r  R  w h ic h  is  a 

p ro g ra m m in g  la n g u a g e  fo r  s ta tis tic a l c o m p u tin g  a n d  g ra p h ic s . T a b le  5.3 sh o w s  th e  u ti l iz e d  

so f tw a re  p a c k a g e s  a lo n g  w ith  th e ir  a s so c ia te d  u se  fo r  th is  re se a rc h .

T a b le  5.3 U s e d  R  p a c k a g e s  fo r  th e  f re q u e n t p a tte rn  m in in g  a n d  A p r io ri  a lg o rith m .

P a c k a g e U se
A ru le s P ro v id e  th e  in f ra s tru c tu re  fo r  re p re se n tin g , m a n ip u la t in g  a n d  a n a ly z in g  

th e  d a ta  a n d  p a tte rn s . A lso  p ro v id e s  C  im p le m e n ta t io n s  o f  th e  a s so c ia tio n  
m in in g  a lg o r ith m  A p rio ri

A ru le sV iz E x te n d  th e  p a c k a g e  'a ru le s ' w ith  n u m e ro u s  v isu a liz a tio n  te c h n iq u e s  fo r  
c o m b in a tio n s , a s so c ia tio n s , a n d  ite m -se ts . I t  a lso  in c lu d e s  sev era l 
in te ra c tiv e  v isu a liz a tio n s .

S h in y B u ild  in te ra c tiv e  fe a tu re s

5.5. RESULTS AND ANALYSIS

T h is  s u b se c tio n  p re s e n ts  th e  o b ta in e d  re s u lts  fo r  th e  S C , F P M , a n d  A p rio ri 

a lg o rith m s .

5.5.1. Spectral Clustering Algorithm. A fte r  o b ta in in g  th e  w e ig h te d  a d ja c e n c y  

m a tr ix  W , th e  o p tim a l n u m b e r  o f  c lu s te rs  w a s  d e te rm in e d  b a s e d  o n  th e  s ilh o u e tte  sco re . 

T h a t  sa id , th e  s ilh o u e tte  sc o re  fo r  d if fe re n t  v a lu e s  o f  k  >  2  (n u m b e r  o f  c lu s te rs )  w a s  th e  

h ig h e s t  w h e n  k  is  5. T h u s , th e  o p tim a l n u m b e r  o f  c lu s te rs  to  b e  u s e d  fo r  th e  SC  a lg o r ith m  

is  5. C o n se q u e n tly , th e  SC  a lg o r ith m  w a s  im p le m e n te d  w h e re  th e  o b ta in e d  re s u lts  a re  

sh o w n  in  F ig u re  5 .7 . A c c o rd in g ly , th e  id e n tif ic a t io n  a n d  q u a n tif ic a tio n  o f  th e  c o m b in a tio n s  

o r  a s so c ia tio n s  b e tw e e n  th e  d if fe re n t  c o n s tru c tio n  fa ta li ty  c a u se s  w ith in  e a c h  o n e  o f  th e  

id e n tif ie d  f iv e  c lu s te rs  w a s  p e rfo rm e d  u s in g  th e  F P M  a n d  A p r io r i  a lg o rith m s .



O
rig

in
al

 G
ra

ph
 

Cl
us

te
re

d 
Gr

ap
h

169



170

5.5.2. Frequent Pattern Mining and Apriori Algorithm. T h is  su b se c tio n  

p re se n ts  th e  o b ta in e d  c o m b in a tio n s  o r  a s so c ia tio n s  a n d  d isc u s se s  th e  m o s t  c r itic a l o n e s  

w ith in  e a c h  c lu s te r.

5.5.2.1. Frequent items and associations within cluster 1. T h e  o b ta in e d  su p p o rt 

m e a s u re s  fo r  th e  in d iv id u a l fa ta li ty  c a u se s  w ith in  C lu s te r  1 a re  sh o w n  in  F ig u re  5.8.

L a c k  o f c le a r  e m p lo y e r  in s tru c tio n s  - 
E m p lo y e r  a llo w e d  e m p lo y e e  to w o rk  in an  u n s a fe  e n v iro n m e n t-

S a fe t y  e le m e n t  fa ilu r e  - 
W illfu lly  e x p o s in g  s e lf  to  h a z a r d o u s  s itu a t io n  ■

E rro r in  d e s ig n  • _ __
L a c k  o f e m p lo y e e  k n o w le d g e - 
L a c k  o f n e c e s s a r y  e q u ip m e n t 

C o lla p s e  o f s tru c tu re  
No e ffe c t iv e  e m e rg e n c y  p la n  

O v e r  e x c a v a t in g  - 
U t ility  m is lo c a t in g  •

V ib ra t io n  in  e x c a v a t io n  m  
E q u ip m e n t/sp o il on e x c a v a t io n  e d g e

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Su p p o rt

F ig u re  5 .8  S u p p o r t m e a s u re  fo r  th e  in d iv id u a l fa ta li ty  c a u se s  in  c lu s te r  1.

A s  i t  c o u ld  b e  se en  f ro m  F ig u re  5 .8 , th e  m o s t  f re q u e n t th re e  f a ta li ty  c a u se s  

c o n tr ib u tin g  to  c o n s tru c tio n  fa ta li ty  a c c id e n ts  w ith in  C lu s te r  1 a re  (1 )  la c k  o f  c le a r  

e m p lo y e r  in s tru c tio n s , (2 )  e m p lo y e r  a llo w e d  e m p lo y e e  to  w o rk  in  an  u n s a fe  e n v iro n m e n t, 

a n d  (3 )  sa fe ty  e le m e n t fa ilu re . F ig u re  5 .9  sh o w s  th e  o b ta in e d  n o te w o rth y  c o m b in a tio n s  

w ith in  C lu s te r  1. A  to ta l  o f  s ix  a s so c ia tio n s  w e re  o b ta in e d  [F ig u re  5 .9 (a )]  b e tw e e n  six  

f a ta li ty  c a u se s  [F ig u re  5 .9 (b )]: (1 )  o v e re x c a v a tin g , (2 )  v ib ra t io n  in  e x c a v a tio n , (3 ) e rro r  in  

d e s ig n , (4 ) e m p lo y e r  a llo w e d  e m p lo y e e  to  w o rk  in  an  u n s a fe  e n v iro n m e n t, (5 )  la c k  o f  

e m p lo y e e  k n o w le d g e , a n d  (6 )  la c k  o f  n e c e s sa ry  e q u ip m e n t.
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F ig u re  5 .9 (b )  sh o w s  th a t  th e re  a re  tw o  m o s t  c ritic a l c o m b in a tio n s , b u t  th e s e  tw o  

c o m b in a tio n s  e x is t  b e tw e e n  th e  fo llo w in g  sa m e  th re e  fa ta li ty  c a u se s  (b u t  w ith  d if fe re n t 

o rd e r in g ): (1 )  o v e re x c a v a tin g , (2 )  v ib ra t io n  in  e x c a v a tio n , a n d  (3 )  e r ro r  in  d e s ig n . T h is  

a s so c ia tio n  h a s  a  su p p o rt m e a s u re  o f  0 .0 1 , a  c o n fid e n c e  m e a s u re  o f  1, a n d  a  l i f t  m e a s u re  o f  

50. T h e  in te rp re ta t io n  o f  th e s e  m e a s u re s  re f le c ts  th a t  th e re  is  a  h ig h  c h a n c e  o f  o c c u rre n c e  

o f  th is  c o m b in a tio n  o f  fa ta li ty  c a u se s  (c o n f id e n c e  is  e q u a l to  1). In  a d d itio n , a  l i f t  v a lu e  o f  

50  >  1 re f le c ts  th a t  th e  o b ta in e d  a s so c ia tio n  is  o f  v a lu e  (Y a o  e t a l., 2 0 1 9 )  in  th e  se n se  th a t  

th e  c o m b in a tio n s  o f  th e s e  th re e  f a ta li ty  c a u se s  a p p e a r  m o re  o f te n  th a n  e x p e c te d  (IB M , 

2 0 1 9 ) . T h a t  sa id , th is  id e n tif ie d  c o m b in a tio n  w o u ld  le a d  to  m a n y  fa ta l a c c id e n ts  on  

c o n s tru c tio n  sites . In  o th e r  w o rd s , th e  p re se n c e  o f  th e s e  f a ta li ty  c a u se s  o n  c o n s tru c tio n  s ite s  

w o u ld  se rv e  as a  w a rn in g  s ig n  th a t  a  fa ta l a c c id e n t  is  v e ry  l ik e ly  to  o ccu r.

5.5.2.2. Frequent items and associations within cluster 2. T h e  o b ta in e d  su p p o rt 

m e a s u re s  fo r  th e  in d iv id u a l fa ta li ty  c a u se s  w ith in  C lu s te r  2  a re  sh o w n  in  F ig u re  5 .10 .

L a c k  o f  s p e c if ic  on th e  jo b  tra in in g  

No PPE

L a c k  o f  g e n e ra l h e a lth  a n d  s a fe ty  tra in in g

No d e c k in g  

U se  o f n o n su ita b le  e q u ip m e n t  

W o rkin g  s u r fa c e  co n d itio n  not s u ite d  to t a s k  

No s a fe  a c c e s s  to  site /scaffo ld /tre n ch  

No te s t in g  p ro c e d u re  fo r  e q u ip m e n t  -|

In a p p ro p ria te  lig h tin g  -|

S ite  o b stru ct io n  I

0.0  0.1 0.2  0.3 0.4 0.5 0.6
S u p p o r t

Figure 5.10 Support measure for the individual fatality causes in cluster 2.
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A s i t  c o u ld  b e  seen  f ro m  F ig u re  5 .1 0 , th e  m o s t  f re q u e n t th re e  f a ta li ty  c a u se s  

c o n tr ib u tin g  to  c o n s tru c tio n  fa ta li ty  a c c id e n ts  w ith in  C lu s te r  2  a re  (1 )  la c k  o f  sp e c if ic  o n  

th e  jo b  tra in in g , (2 ) n o  P P E  (p ro te c tiv e  p e rso n a l e q u ip m e n t) , a n d  (3 )  la c k  o f  g e n e ra l h e a lth  

a n d  sa fe ty  tra in in g . T h is  h ig h lig h ts  th e  im p o r ta n c e  o f  p ro v id in g  th e  n e c e s s a ry  P P E , th e  

c ritic a l ro le  o f  sp e c if ic  jo b  tra in in g  o n  c o n s tru c tio n  s ite s , a n d  th e  im p o r ta n c e  o f  

im p le m e n tin g  a d e q u a te  t ra in in g  o n  g e n e ra l h e a lth  a n d  sa fe ty  c o n s id e ra tio n s .

F ig u re  5 .11 sh o w s  th e  o b ta in e d  n o te w o rth y  c o m b in a tio n s  o r  a s so c ia tio n s  w ith in  

C lu s te r  2. A  to ta l  o f  15 a s so c ia tio n s  w e re  o b ta in e d  [F ig u re  5 .1 1 (a )]  b e tw e e n  7 fa ta lity  

c a u se s  [F ig u re  5 .1 1 (b )]: (1 )  u s e  o f  n o n s u ita b le  e q u ip m e n t, (2 )  n o  sa fe  a c c e s s  to  

s ite /s c a ffo ld /tre n c h , (3 )  la c k  o f  g e n e ra l h e a lth  a n d  sa fe ty  tra in in g , (4 ) n o  d e c k in g , (5 )  la c k  

o f  sp e c if ic  o n  th e  jo b  tra in in g , (6 )  n o  P P E , a n d  (7 ) w o rk in g  su rfa c e  c o n d it io n  b e in g  n o t 

su ite d  fo r  th e  ta sk . T h e  d is tr ib u tio n  o f  th e s e  a s so c ia tio n s  w ith in  th e  c o m b in a tio n s  o f  th e  

f a ta li ty  c a u se s  is  r e f le c te d  in  F ig u re  5 .1 1 (b ). O n e  n o ta b le  a n d  c ritic a l c o m b in a tio n  e x is ts  

w ith in  C lu s te r  2  (h ig h e s t  l i f t  c o m p a re d  to  o th e rs ) , a n d  i t  is  b e tw e e n  th re e  f a ta li ty  cau ses : 

(1 )  la c k  o f  g e n e ra l h e a lth  a n d  sa fe ty  tra in in g , (2 )  n o  d e c k in g , a n d  (3 )  n o  sa fe  a c c e s s  to  

s ite /s c a ffo ld /tre n c h . T h is  c o m b in a tio n  h a s  a  su p p o rt o f  0 .0 1 , a  c o n fid e n c e  m e a s u re  o f  1, 

a n d  a  l i f t  m e a s u re  o f  20 . T h e  in te rp re ta t io n  o f  th e s e  m e a s u re s  re f le c ts  th a t  th e re  is  a  h ig h  

c h a n c e  o f  o c c u rre n c e  o f  th is  c o m b in a tio n  o f  fa ta li ty  c a u se s  (c o n f id e n c e  is  eq u a l to  1). In  

a d d itio n , a  l i f t  v a lu e  o f  2 0  >  1 re f le c ts  th a t  th e  o b ta in e d  a s so c ia tio n  is  o f  v a lu e  (Y a o  e t a l., 

2 0 1 9 )  in  th e  se n se  th a t  th e  c o m b in a tio n s  o f  th e s e  th re e  f a ta li ty  c a u se s  a p p e a r  m o re  o fte n  

th a n  e x p e c te d  (IB M , 2 0 1 9 ) . T h a t  sa id , th is  c o m b in a tio n  re f le c ts  th a t  th e  p re s e n c e  o f  th e s e  

th re e  c a u se s  o f  fa ta li ty  o n  c o n s tru c tio n  s ite s  w o u ld  se rv e  as a  w a rn in g  s ig n  th a t  a  fa ta l 

a c c id e n t is  v e ry  l ik e ly  to  o ccu r.
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5.5.2.3. Frequent items and associations within cluster 3. The obtained support

measures for the individual fatality causes within Cluster 3 are shown in Figure 5.12.

No fa ll arrest system, guardrails, o r safety nets - 
Lack of supervision and absence o f com petent or necessary personnel

Poor labeling - - :
Damaged, defective, o r m alfunctioning equipm ent -

Poor tool handling - ~ — J
Failure of structura l e lem ent- 

Operation carried out by noncom petent individual 
No/damaged cave in protection - 

No safe e x it to  site - 
Not wearing seat belt 

Lack of coordination o f site a c tiv it ie s -^ *
No site survey -■

Lack o f preventive action ■
Wet m ateria l -■

High exposure to  chemical ■
Poor storage -_______I_______ I_______|_______ I_______ I_______I_______ I_______

0.00  0.05  0.10  0.15 0.20  0.25  0.30  0.35  0.40
S u p p o r t

F ig u re  5 .1 2  S u p p o r t m e a s u re  fo r  th e  in d iv id u a l f a ta li ty  c a u se s  in  c lu s te r  3.

A s  it  c o u ld  b e  seen  f ro m  F ig u re  5 .1 2 , th e  m o s t  f re q u e n t th re e  f a ta li ty  c a u se s  w ith in

C lu s te r  3 a re  (1 )  n o  fa ll a rre s t  sy s te m , g u a rd ra ils , o r  sa fe ty  n e ts ; (2 )  la c k  o f  su p e rv is io n  an d

a b se n c e  o f  c o m p e te n t  o r  n e c e s s a ry  p e rso n n e l;  a n d  (3 )  p o o r  la b e lin g . T h is  h ig h lig h ts  th e

im p o r ta n c e  o f  p ro v id in g  th e  n e c e s s a ry  fa ll a rre s t  sy s te m , g u a rd ra ils , o r  sa fe ty  n e ts  fo r  th e

w o rk e rs  o n s ite , th e  c ritic a l ro le  o f  h a v in g  g o o d  s u p e rv is io n  a n d  c o m p o n e n t p e rso n n e l, a n d

th e  im p o r ta n c e  o f  la b e lin g  to  th e  o v e ra ll sa fe ty  o f  th e  c o n s tru c tio n  site . F ig u re  5 .13  sh o w s

th e  o b ta in e d  n o te w o rth y  c o m b in a tio n s  w ith in  C lu s te r  3 w ith  a  to ta l  o f  14 o b ta in e d

a s so c ia tio n s  [F ig u re  5 .1 3 (a )]  b e tw e e n  th e  fo llo w in g  12 fa ta li ty  c a u se s  [F ig u re  5 .1 3 (b )]: (1 )

n o  fa ll a rre s t  sy s te m , g u a rd ra il , o r  sa fe ty  n e ts ; (2 )  w e t  m a te ria l; (3 ) la c k  o f  p re v e n tiv e

ac tio n ; (4 )  la c k /a b s e n c e  o f  s u p e rv is io n  a n d  c o m p e te n t/n e c e s s a ry  p e rso n n e l;  (5 )  n o t  w e a r in g

se a t b e lt; (6 )  d a m a g e d /d e fe c tiv e  o r  m a lfu n c tio n in g  e q u ip m e n t;  (7 )  n o /d a m a g e d  c a v e  in

p ro te c tio n ; (8 )  n o  sa fe  e x it  to  site ; (9 )  o p e ra t io n  c a rr ie d  o u t b y  n o n c o m p e te n t  in d iv id u a l;

(10) absence of site survey; (11) failure of structure element; and (12) and poor labeling.
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F ig u re  5 .1 3 (b )  sh o w s  th a t  th e re  a re  tw o  m o s t  c ritic a l c o m b in a tio n s , b u t  th e s e  tw o  

c o m b in a tio n s  e x is t  b e tw e e n  th e  fo llo w in g  sa m e  tw o  fa ta li ty  c a u se s  (b u t w ith  d if fe re n t 

o rd e r in g ):  la c k  o f  p re v e n t iv e  a c tio n  a n d  w e t  m a te ria l. T h is  c o m b in a tio n  h a s  a  su p p o rt 

m e a s u re  o f  0 .0 1 , a  c o n fid e n c e  m e a s u re  o f  1, a n d  a  l i f t  m e a s u re  o f  100. T h e  in te rp re ta t io n  

o f  th e s e  m e a s u re s  re f le c ts  th a t  th e re  is a  h ig h  c h a n c e  o f  o c c u rre n c e  o f  th is  c o m b in a tio n  o f  

f a ta li ty  c a u se s  (c o n f id e n c e  is  e q u a l to  1). In  a d d itio n , a  l if t  v a lu e  o f  100 >  1 re f le c ts  th a t  

th e  o b ta in e d  a s so c ia tio n  is  o f  v a lu e  (Y a o  e t a l., 2 0 1 9 )  in  th e  se n se  th a t  th e  c o m b in a tio n s  o f  

th e s e  tw o  fa ta li ty  c a u se s  a p p e a r  m o re  o f te n  th a n  e x p e c te d  ( IB M , 2 0 1 9 ) . T h a t sa id , th is  

c o m b in a tio n  re f le c ts  th a t  th e  p re se n c e  o f  th e s e  tw o  c a u se s  o f  fa ta li ty  o n  c o n s tru c tio n  s ite s  

w o u ld  se rv e  as a  w a rn in g  s ig n  th a t  a  fa ta l a c c id e n t  is  v e ry  l ik e ly  to  o ccu r.

5.5.2.4. Frequent items and associations within cluster 4. T h e  o b ta in e d  su p p o rt 

m e a s u re s  fo r  th e  in d iv id u a l fa ta li ty  c a u se s  w ith in  C lu s te r  4  a re  sh o w n  in  F ig u re  5 .1 4 . A s  it  

c o u ld  b e  seen  f ro m  F ig u re  5 .1 4 , th e  m o s t  f re q u e n t th re e  f a ta li ty  c a u se s  c o n tr ib u tin g  to  

c o n s tru c tio n  fa ta li ty  a c c id e n ts  w ith in  C lu s te r  4  a re  (1 )  n o  jo b  s ite  in s p e c tio n ;  (2 )  p o o r  

e q u ip m e n t h a n d lin g  a n d  n o t  fo llo w in g  p ro p e r  o p e ra tio n  p ro c e d u re s  o r  m a n u fa c tu re r ’s 

sp e c if ic a tio n s ; a n d  (3 )  e m p lo y e e  m isc o n d u c t. F ig u re  5 .1 5  sh o w s  th e  o b ta in e d  n o te w o rth y  

c o m b in a tio n s  o r  a s so c ia tio n s  w ith in  C lu s te r  4. A  to ta l  o f  tw o  a s so c ia tio n s  w e re  o b ta in e d  

[F ig u re  5 .1 5 (a )]  b e tw e e n  th re e  f a ta li ty  c a u se s  [F ig u re  5 .1 5 (b )]: (1 )  la c k  o f  in sp e c tio n  fo r  

e q u ip m e n t a n d  to o ls , (2 )  n o  jo b s i te  in sp e c tio n , a n d  (3 )  in a p p ro p r ia te  to o ls  u sed . O n e  

n o ta b le  a n d  c ritic a l c o m b in a tio n  e x is ts  b e tw e e n  th e s e  f a ta li ty  c a u se s  w ith  a  su p p o rt 

m e a s u re  o f  0 .0 1 , a  c o n fid e n c e  m e a s u re  o f  1, a n d  a  l i f t  m e a s u re  o f  16 .67 . T h e  in te rp re ta t io n  

o f  th e s e  m e a s u re s  re f le c ts  th a t  th e re  is a  h ig h  c h a n c e  o f  o c c u rre n c e  o f  th is  c o m b in a tio n  o f  

f a ta li ty  c a u se s  (c o n f id e n c e  is  eq u a l to  1).
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In  a d d itio n , a  l i f t  v a lu e  o f  16 .67  >  1 re f le c ts  th a t  th e  o b ta in e d  a s so c ia tio n  is  o f  v a lu e  

(Y a o  e t a l., 2 0 1 9 )  in  th e  se n se  th a t  th e  c o m b in a tio n s  o f  th e s e  th re e  f a ta li ty  c a u se s  a p p e a r  

m o re  o f te n  th a n  e x p e c te d  (IB M , 2 0 1 9 ) . T h a t  sa id , th is  c o m b in a tio n  re f le c ts  th a t  th e  

p re s e n c e  o f  th e s e  th re e  c a u se s  o f  f a ta li ty  o n  c o n s tru c tio n  s ite s  w o u ld  s e rv e  as  a  w a rn in g  

s ig n  th a t  a  fa ta l a c c id e n t  is  v e ry  l ik e ly  to  o ccu r.

5.5.2.5. Frequent items and associations within cluster 5. T h e  o b ta in e d  su p p o rt 

m e a s u re s  fo r  th e  in d iv id u a l fa ta li ty  c a u se s  w ith in  C lu s te r  5 a re  sh o w n  in  F ig u re  5 .16 .

Poor assem bling of equipment/scaffold/decking/formwork - 

Not following proper work procedures 

Misjudgment of hazardous situation H  

Poor material handling 

Poor housekeeping  

Improper use of PPE 

Equipm ent tipping 

Lack of safe working procedures 

No safe walkways ■

Em ployer gross negligence ■

Vehicle observer error

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Su p p o rt

F ig u re  5 .1 6  S u p p o r t m e a s u re  fo r  th e  in d iv id u a l f a ta li ty  c a u se s  in  c lu s te r  5.

A s  i t  c o u ld  b e  seen  f ro m  F ig u re  5 .1 6 , th e  m o s t  f re q u e n t th re e  f a ta li ty  c a u se s  

c o n tr ib u tin g  to  c o n s tru c tio n  fa ta li ty  a c c id e n ts  w ith in  C lu s te r  5 a re  (1 )  p o o r  a s se m b lin g  o f  

e q u ip m e n t/s c a f fo ld /d e c k in g /fo rm w o rk , (2 ) n o t  fo llo w in g  p ro p e r  w o rk  p ro c e d u re s , a n d  (3 ) 

m is ju d g m e n t o f  h a z a rd o u s  s itu a tio n s . A lso , F ig u re  5 .1 7 (a )  sh o w s  th e  o b ta in e d  n o te w o rth y

c ritic a l c o m b in a tio n  w ith in  C lu s te r  5.
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A  to ta l o f  th re e  a s so c ia tio n s  w e re  o b ta in e d  [F ig u re  5 .1 7 (a )]  b e tw e e n  th re e  fa ta lity  

c a u se s  [F ig u re  5 .1 7 (b )]: (1 )  n o t  fo llo w in g  p ro p e r  w o rk  p ro c e d u re s , (2 )  n o  sa fe  w a lk w a y s , 

a n d  (3 ) p o o r  h o u se k e e p in g . O n e  n o ta b le  a n d  c ritic a l c o m b in a tio n  e x is ts  b e tw e e n  th e s e  

f a ta li ty  c a u se s  as sh o w n  in  F ig u re  5 .1 7 (b ). T h is  c o m b in a tio n  h a s  a  su p p o rt m e a s u re  o f  0 .0 1 , 

a  c o n fid e n c e  m e a s u re  o f  1, a n d  a  l i f t  m e a s u re  o f  50 . T h e  in te rp re ta t io n  o f  th e s e  m e a s u re s  

re f le c ts  th a t  th e re  is  a  h ig h  c h a n c e  o f  o c c u rre n c e  o f  th is  c o m b in a tio n  o f  fa ta li ty  c a u se s  

(c o n f id e n c e  is  e q u a l to  1). In  a d d itio n , a  l i f t  v a lu e  o f  50  >  1 re f le c ts  th a t  th e  o b ta in e d  

a s so c ia tio n  is  o f  v a lu e  (Y a o  e t a l., 2 0 1 9 )  in  th e  se n se  th a t  th e  c o m b in a tio n s  o f  th e s e  th re e  

f a ta li ty  c a u se s  a p p e a r  m o re  o f te n  th a n  e x p e c te d  ( IB M , 2 0 1 9 ) . T h a t  sa id , th is  c o m b in a tio n  

re f le c ts  th a t  th e  p re se n c e  o f  th e s e  th re e  c a u se s  o f  f a ta li ty  o n  c o n s tru c tio n  s ite s  w o u ld  se rv e  

as a  w a rn in g  s ig n  th a t  a  fa ta l a c c id e n t  is  v e ry  l ik e ly  to  o ccu r.

5.6. DISCUSSION

T o  re f le c t  th e  v a lid ity  o f  th is  re se a rc h , th is  s u b se c tio n  d isc u s se s  a n d  in te rp re ts  th e  

o b ta in e d  re su lts  a n d  h ig h lig h ts  th e  c o n tr ib u tio n s  o f  th is  se c tio n  o f  th e  d isse r ta tio n .

T h e  tra d itio n a l  a n a ly s is  o f  sa fe ty  a c c id e n ts  in v o lv e s  th e  w e a k e s t  l in k  a p p ro a c h  

w h ic h  c la im s  th a t  th e re  is  o n ly  o n e  m a in  c a u se  fo r  a  g iv e n  in c id e n t  a n d  th a t  a d d re s s in g  th a t  

o n e  c a u se  w ill p re c lu d e  a  re c u r re n c e  o f  th e  in c id e n t. H o w e v e r , th e  e x c lu s iv e  c o n s id e ra tio n  

o f  th e  s in g le  d ire c t c a u se  o f  sa fe ty  in c id e n ts  d ire c ts  th e  m a in  fo c u s  o n  th e  p o in t  o f  fa ilu re  

b y  a s su m in g  th a t  th is  is  a lso  th e  b e s t  a n d  m o s t  e ffe c tiv e  p o in t  o f  c o n tro l to  p re v e n t 

a c c id e n ts . N e v e r th e le s s , th is  e x c lu s iv e  fo c u s  c o u ld  m a k e  it  n e a r ly  im p o s s ib le  to  se e k  o u t 

a n d  d ea l w ith  th e  in te r re la te d  ro o t  c au ses . In  re la tio n  to  th a t, G o ld b e rg  (2 0 0 3 )  s ta te s  th a t  

“ I t  is  n o t  th a t  h a rd  to  f in d  w h a t  is  a p p a re n tly  th e  w e a k  l in k  in  a lm o s t an y  g iv e n  in c id e n t
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s i tu a t io n . . .In  fac t, [it] i s . . ,[ t]o o  e a s y . . .in  th e  se n se  th a t  o n c e  w e  d o  f in d  th e  w e a k  lin k , w e  

te n d  to  s to p  lo o k in g  fo r  an y  o th e r  so u rc e s  o f  th e  p r o b le m .. .[w h ile ]  th e re  a re  v e ry  l ik e ly  

still m o re  fa c to rs  th a t  h a v e  g o n e  u n d isc o v e re d . T h a t  b e in g  th e  c a se , th e re  is  v e ry  little  

l ik e lih o o d  o f  e ffe c tiv e  c o n tro ls  b e in g  d e s ig n e d  to  p o s it iv e ly  p re c lu d e  a  r e c u r re n c e  o f  th e  

in c id e n t . . .I t  is  v i ta lly  im p o r ta n t  to  m o v e  p a s t  th e  n o tio n  th a t  th e re  is  o n ly  o n e  c a u se  fo r  an  

in c id e n t, o r  th e  a lm o s t  c o n g ru e n t  n o tio n  th a t  o n ly  o n e  th in g  n e e d s  to  b e  c o rre c te d  to  

p re c lu d e  a  r e c u r re n c e .” S in c e  sa fe ty  in c id e n ts  a re  o f  a  m u lt iv a r ia b le  n a tu re , th e  

c o n v e n tio n a l a p p ro a c h  to  sa fe ty  m a n a g e m e n t is  v e ry  m u c h  a t o d d s  w ith  th e  c o n te m p o ra ry  

p h ilo s o p h y  o n  m u lt ip le  c a u sa tio n  fa c to rs  in  sa fe ty  in c id e n ts  (R isk W ise , 2 0 2 0 ).

O n  th e  c o m b in a tio n s  lev e l, th is  se c tio n  o f  th e  d is s e r ta t io n  sh o w e d  th a t  c o n s tru c tio n  

fa ta li t ie s  w o u ld  m o s t  l ik e ly  h a p p e n  w h e n  th e  fo llo w in g  f iv e  c ritic a l c o m b in a tio n s  o f  fa c to rs  

e x is t  o n  c o n s tru c tio n  s ite s :  (1 ) o v e re x c a v a tin g , v ib ra t io n  in  e x c a v a tio n , a n d  e rro r  in  d e s ig n ; 

(2 )  la c k  o f  g e n e ra l h e a lth  a n d  sa fe ty  tra in in g , a b se n c e  o f  d e c k in g , a n d  la c k  sa fe  a c c e s s  to  

s ite /s c a ffo ld /tre n c h ; (3 )  la c k  o f  p re v e n tiv e  a c tio n  a n d  w e t  m a te r ia l;  (4 )  la c k  o f  in sp e c tio n  

fo r  e q u ip m e n t a n d  to o ls , n o  jo b s i te  in sp e c tio n , an d  in a p p ro p r ia te  to o ls  u se d ; a n d  (5 ) n o t 

fo llo w in g  p ro p e r  w o rk  p ro c e d u re s , n o  sa fe  w a lk w a y s , a n d  p o o r  h o u se k e e p in g . T h e re fo re , 

th e s e  re s u lts  re f le c t  th e  re la tio n s h ip s  b e tw e e n  d if fe re n t fa ta li ty  c a u se s  a n d  h o w  th e y  

c o m b in e  to g e th e r  to  fo rm  fa ta li ty  a c c id e n ts . T h is  re s e a rc h  is  o f  p a r t ic u la r  im p o r ta n c e  w ith  

th e  m o d e rn  th in k in g  in  th e  sa fe ty  p ro fe s s io n , w h ic h  is  d ire c te d  to w a rd s  th e  re l ia n c e  o n  

m u lt ip le  c a u sa tio n  fa c to rs  in  v ir tu a lly  all in c id e n ts  (R isk W ise , 2 0 2 0 ). U n le s s  a n d  u n til  

sa fe ty  p ra c tit io n e rs  a re  re a s o n a b ly  su re  o f  th e  c ritic a l c o m b in a tio n s  o f  fa c to rs  le a d in g  to  

th e  in c id e n t, th e y  c a n n o t m a k e  an  e ffe c tiv e  d e c is io n  o n  h o w  to  co n tro l th e  ro o t  c a u se s  

b e h in d  th e  p ro b le m . T h a t  sa id , th is  s e c tio n  o f  th e  d is s e r ta t io n  p ro v id e s  a  b e tte r
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u n d e rs ta n d in g  o f  th e  d if fe re n t  c o m b in a tio n s  o f  fa c to rs  th a t  r e s u l t  in  c o n s tru c tio n  fa ta li tie s  

a n d  o ffe rs  in s ig h ts  o n  p o s s ib le  a c c id e n t  c a u sa tio n  re la tio n s h ip s  in  th e  c o n s tru c tio n  in d u s try . 

In  a d d itio n , th is  s e c tio n  o f  th e  d is s e r ta tio n  is  o f  p a r t ic u la r  im p o r ta n c e  to  th e  sa fe ty  

m a n a g e m e n t p ra c tic e  in  a v o id in g  fa ta li tie s  o n  rea l c o n s tru c tio n  s ite s  s in c e  i t  p ro v id e s  an  

a p p ro a c h  th a t  c a n  m a k e  sa fe ty  p ro fe s s io n a ls  a v o id  fa l l in g  p re y  to  th e  u n d e s ire d  

p h e n o m e n o n  o f  s a tis fa c tio n  o f  search . T h is  p h e n o m e n o n  o c c u rs  w h e n  f in d in g  a  s in g le  

c a u se  to  th e  in c id e n t  le a d s  to  s u s p e n d in g  th e  se a rc h , w h ic h  i f  it  h a d  b e e n  c o n tin u e d  w o u ld  

h a v e  re s u lte d  in  f in d in g  o th e r  c o m b in a tio n  o f  ca u se s  to  th e  in c id e n t  (C a rr , 2 0 1 7 ) .

O n  th e  in d iv id u a l le v e l, th e  re su lts  sh o w e d  th e  im p o r ta n t  ro le  th a t  th e  e m p lo y e r  

c o u ld  p la y  in  m in im iz in g  fa ta li tie s  o n  c o n s tru c tio n  s ite s  b y  p ro v id in g  th e  n e e d e d  an d  

a d e q u a te  in s tru c tio n s  a n d  b y  p u ttin g  ro b u s t  sa fe ty  re q u ire m e n ts  th a t  d o  n o t  c o m p ro m ise  

th e  sa fe ty  o f  an y  w o rk e r  o n  th e  jo b s i te  w ith  re g a rd  to  p e rfo rm in g  an y  u n s a fe  c o n s tru c tio n  

ac tiv ity . In  fac t, d e sp ite  th a t  th e  e m p lo y e rs ’ c o n tin u o u s  fa i lu re  to  c o m p ly  w ith  th e  

re q u ire m e n ts  o f  o n e  o r  m o re  o f  th e  o c c u p a tio n a l sa fe ty  a n d  h e a lth  s ta n d a rd s  h a s  b e e n  

re p o r te d  fo r  d e c a d e s  (M o ra n , 1977), su c h  in s ta n c e s  s till o c c u r  in  to d a y ’s c o n s tru c tio n  

a c tiv itie s . O n e  o f  th e  m a in  re a so n s  b e h in d  th a t  is  a ttr ib u te d  to  th e  so  c a lle d  P r o o f  o f  

E m p lo y e e  E n d a n g e rm e n t w h ic h  s ta te s  th a t  “ o n ly  w h e re  e m p lo y e e s  o f  a  c ite d  e m p lo y e r  are  

a f fe c te d  b y  n o n c o m p lia n c e  w ith  an  o c c u p a tio n a l sa fe ty  a n d  h e a lth  s ta n d a rd  c a n  su ch  

e m p lo y e r  b e  in  v io la tio n ” (O S H R C , 2 0 2 0 )  a n d  to  th e  so  c a lle d  P r o o f  o f  E m p lo y e r  

K n o w le d g e  w h ic h  p ro v id e s  th a t  in  o rd e r  to  su s ta in  a  c o n te s te d  c ita tio n  a n d  a lle g e d  to  b e  a 

v io la tio n , i t  sh o u ld  b e  p ro v e d  th a t  th e  c ite d  e m p lo y e r  h a d  k n o w le d g e  o f  th e  c o n d itio n . 

T h e re fo re , to  p re v e n t  fa ta li t ie s  in  th e  c o n s tru c tio n  in d u s try , e m p lo y e rs  sh a ll im p le m e n t 

re a s o n a b le  p re c a u tio n a ry  a c tio n s  to  p ro te c t  th e ir  e m p lo y e e s  f ro m  an y  re a so n a b ly
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fo re s e e a b le  d a n g e rs . E x a m p le s  o f  su ch  p re c a u tio n a ry  a c tio n s  in c lu d e  h a v in g  an  a d e q u a te  

sa fe ty  p ro g ra m  w ith  c le a r  sa fe ty  in s tru c tio n s  to  e m p lo y e e s , w e ll-e s ta b lis h e d  a n d  d e fin e d  

w o rk  ru le s  o r  in s tru c tio n s  o n  sa fe  p ro c e d u re s , d i l ig e n t  su p e rv is io n , a n d  th e  im p o s itio n  o f  

s a n c tio n s  fo r  n o n c o m p lia n c e  ( In c id e n t  P re v e n tio n , 2 0 1 6 ).

S e c o n d , th e  re su lts  r e f le c te d  th e  im p o r ta n c e  o f  h a v in g  p ro p e r  jo b  t ra in in g  in  

re d u c in g  fa ta li t ie s  o n  c o n s tru c tio n  jo b s . In  fac t, th e  p o o r  c o n s tru c tio n  sa fe ty  p e rfo rm a n c e  

is  a ttr ib u te d  to  th e  g e n e ra l la c k  o f  p ro p e r  t ra in in g  p ra c tic e s  in  th e  in d u s try  in  r e la tio n  to  

o c c u p a tio n a l sa fe ty  a n d  h e a lth  (E v ia , 2 0 1 1 ) , e sp e c ia lly  w ith  re g a rd  to  p ra c tic e s  th a t  a re  

re la te d  to  th e  sp e c if ic  c h a ra c te r is tic s  o f  e a c h  c o n s tru c tio n  a c tiv ity . T h e re fo re , to  re d u c e  

c o n s tru c tio n  fa ta li tie s , i t  is  n o t  e n o u g h  th a t  w o rk e rs  h a v e  th e  g e n e ra l a n d  b a s ic  sa fe ty  

t ra in in g ;  ra th e r , e m p lo y e e s  sh a ll a lso  a c q u ire  th e  sp e c if ic  sa fe ty  k n o w le d g e  th a t  is  n e e d e d  

to  p e rfo rm  th e  a s so c ia te d  c o n s tru c tio n  ta sk . T h ird , th e  re s u lts  r e f le c te d  th e  im p o r ta n c e  o f  

h a v in g  p ro p e r  fa ll a r re s t  sy s te m s, g u a rd ra ils , a n d  sa fe ty  n e ts  w h e n  p e rfo rm in g  th e  

c o n s tru c tio n  a c tiv itie s . In  fac t, th e  la c k  o f  fa ll p ro te c tio n  h a s  b e e n  th e  m o s t  f re q u e n tly  c ite d  

v io la tio n s  b y  O S H A  in  th e  U S  c o n s tru c tio n  in d u s try  (O S H A , 2 0 1 7 ) . T h e re fo re , to  re d u c e  

c o n s tru c tio n  fa ta li tie s , an  a n a ly s is  o f  th e  w o rk  z o n e  sh a ll b e  c o n d u c te d  b y  (1 )  p e rfo rm in g  

a  h a z a rd  s tu d y  to  id e n tify  p o s s ib le  a re a s  o f  r is k  (su c h  as th e  h e ig h t  o f  th e  w o rk  to  b e  

p e rfo rm e d  a n d  th e  n u m b e r  o f  w o rk e rs  w o rk in g  in  th e  sa m e  a rea ); (2 )  im p le m e n tin g  p ro p e r  

fa l l-a r re s t  sy s te m s  su c h  as a n c h o ra g e , b o d y  su p p o rt, c o n n e c to rs , a n d  d e s c e n t  a n d  re sc u e  

p lan ; a n d  (3 )  p ro p e r ly  c a lc u la tin g  th e  fa ll c le a ra n c e  to  h a v e  an  a d e q u a te  a rre s t  o f  th e  fall 

b e fo re  th e  w o rk e r  h its  th e  g ro u p  o r  an y  o th e r  o b jec t.

F o u r th , th e  re s u lts  r e f le c te d  th e  im p o r ta n c e  o f  h a v in g  p ro p e r  jo b s i te  in sp e c tio n  to  

m in im iz e  o r  re d u c e  th e  n u m b e r  o f  f a ta li ty  a c c id e n ts  o n  c o n s tru c tio n  jo b s i te s . In  re la tio n  to
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th a t, s in c e  e v e ry d a y  u se  c a n  ta k e  a  to ll o n  sa fe ty  e q u ip m e n t, m a c h in e s , a n d  sy s te m s, i t  is  

v e ry  c ritic a l to  h a v e  p e r io d ic  in sp e c tio n s  b y  (1 )  e x a m in in g  all e q u ip m e n t a n d  to o ls  b e fo re  

e a c h  u se , (2 ) n o t  u s in g  an y  d a m a g e d  o r  m a lfu n c tio n in g  e q u ip m e n t— a t le a s t  u n til  i t  is  fu lly  

in sp e c te d  a n d  d e te rm in e d  to  b e  sa fe  fo r  fu r th e r  u se , a n d  (3 )  h a v in g  a  sp e c ia liz e d  te a m  th a t  

is  re s p o n s ib le  fo r  p e rfo rm in g  re g u la r  c h e c k s  to  c r it ic a lly  id e n tify  a n d  re c tify  h a z a rd s  an d  

d o c u m e n t a b a te m e n t. T h u s , i t  is  v e ry  c ru c ia l to  h a v e  a  c le a r  sa fe ty  in sp e c tio n  p u rp o se , to  

se t e x p e c ta tio n s , a n d  to  fo llo w  a  w e ll-d e f in e d  in sp e c tio n  s tra te g y . F if th , th e  re su lts  sh o w e d  

th a t  p o o r  a s se m b lin g  o f  c o n s tru c tio n  e q u ip m e n t a n d  sy s te m s  c o u ld  le a d  to  fa ta li tie s . 

T h e re fo re , to  p re v e n t  c o n s tru c tio n  fa ta li tie s , i t  is  im p o r ta n t  th a t  th e  c ritic a l a n d  c o m p le x  

c o n s tru c tio n  e q u ip m e n t a n d  sy s te m s  b e  a s se m b le d  b y  c e r tif ie d  a n d  w e l l- t ra in e d  w o rk e rs  

th a t  a re  s p e c ia liz e d  in  p e rfo rm in g  su c h  ta sk . In  a d d itio n , i t  is  c ru c ia l to  h a v e  p ro p e r  m a n u a ls  

o r  tra in in g  p ro g ra m s  th a t  d e ta ils  th e  a s so c ia te d  e re c tio n , a s se m b ly , o r  in s ta lla tio n  o f  

c o n s tru c tio n  e q u ip m e n t, sc a ffo ld , d e c k in g , a n d  fo rm w o rk , a m o n g  o th ers .

5 .7 . S U M M A R Y

It is  im p e ra tiv e  to  h a v e  a  b e tte r  u n d e rs ta n d in g  o f  th e  c o m b in a tio n s  a n d  a s so c ia tio n s  

b e tw e e n  th e  d if fe re n t  f a ta li ty  c a u se s  in  c o n s tru c tio n  sites . ’T o  th is  en d , th is  se c tio n  o f  th e  

d is s e r ta tio n  th o ro u g h ly  s tu d ie d  100 c a se  f ile s  in v o lv in g  6 0  c a u se s  u s in g  a  d a ta -d r iv e n  

a p p ro a c h  in v o lv in g  sp e c tra l c lu s te rin g , f re q u e n t p a tte rn  m in in g , a n d  A p r io ri  c o m p u ta tio n a l 

a lg o rith m s . A c c o rd in g ly , th e  6 0  fa ta li ty  c a u se s  w e re  d e te rm in e d  to  b e  c a te g o r iz e d  in to  f iv e  

c lu s te rs  w ith  th e  fo llo w in g  c o m b in a tio n s  b e in g  th e  m o s t  c r itic a l w ith in  e a c h  c lu s te r :  (1 ) 

C lu s te r  1 — o v e r-e x c a v a tin g , v ib ra t io n  in  e x c a v a tio n , a n d  e rro r  in  d e s ig n ;  (2 )  C lu s te r  2 —  

la c k  o f  g e n e ra l h e a lth  a n d  sa fe ty  tra in in g , a b se n c e  o f  d e c k in g , a n d  la c k  o f  sa fe  a c ce ss  to
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s ite /s c a ffo ld /tre n c h ; (3 )  C lu s te r  3— la c k  o f  p re v e n tiv e  a c tio n  a n d  w e t  m a te r ia l;  (4 )  C lu s te r  

4 — la c k  o f  in sp e c tio n  fo r  e q u ip m e n t a n d  to o ls , n o  jo b s i te  in sp e c tio n , a n d  in a p p ro p r ia te  

to o ls  u se d ; a n d  (5 )  C lu s te r  5— n o t fo llo w in g  p ro p e r  w o rk  p ro c e d u re s , n o  sa fe  w a lk w a y s , 

a n d  p o o r  h o u s e k e e p in g . A ll th e  a fo re m e n tio n e d  c o m b in a tio n s  a c ro ss  th e  d if fe re n t  c lu s te rs  

a re  o f  im p o r ta n c e  b e c a u s e  th e  e x is te n c e  o f  e a c h  c o m b in a tio n  w o u ld  in d ic a te  th a t  a  fa ta li ty  

o n  th e  jo b  s ite  is  v e ry  l ik e ly  to  o c c u r .

A s  su ch , th is  se c tio n  o f  th e  d is s e r ta tio n  h e lp e d  in  id e n tify in g  a n d  q u a n tify in g  th e  

c ritic a l c o m b in a tio n s  a n d  a s so c ia tio n s  b e tw e e n  th e  d if fe re n t  f a ta li ty  c a u se s  in  c o n s tru c tio n  

s ite s . T o  th is  en d , th e  f in d in g s  p ro v id e  w a rn in g  s ig n s  in  re la tio n  to  th e  c o m b in a tio n s  an d  

a s so c ia tio n s  o f  th e  c a u se s  th a t  a re  m o s t  p ro b a b ly  to  c a u se  m o re  fa ta li t ie s  c o m p a re d  to  

o th e rs . T h is  s e c tio n  o f  th e  d is s e r ta t io n  a d d s  to  th e  b o d y  o f  k n o w le d g e  b y  e q u ip p in g  sa fe ty  

m a n a g e rs  a n d  su p e rv iso rs  w ith  a  p ro a c tiv e  a p p ro a c h  th a t  a llo w s  th e m  to  ta k e  th e  n e e d e d  

p re v e n tiv e  a c tio n s  to  a v o id  fa ta li t ie s  o n  c o n s tru c tio n  s ite s  b y  id e n tify in g , in  h in d s ig h t, th e  

c ritic a l c o m b in a tio n s  a n d  a s so c ia tio n s  o f  fa ta li ty  c au ses . U lt im a te ly , th e  o u tc o m e s  w o u ld  

e n h a n c e  th e  sa fe ty  p e rfo rm a n c e  in  th e  c o n s tru c tio n  in d u s try  a n d  p re v e n t  c o n s tru c tio n  

fa ta li t ie s  b y  e x e rc is in g  m o re  e ffe c tiv e  a n d  e ff ic ie n t p ra c tic e s  to  p ro a c tiv e ly  p re v e n t  th e  

o c c u rre n c e  o f  th e  id e n tif ie d  sa fe ty  f a ta li ty  c o m b in a tio n s  o n  c o n s tru c tio n  sites.

5.8. RELATED APPENDIX

A p p e n d ix  D  p re s e n ts  th e  u s e d  d a ta  a n d  th e  P y th o n  a n d  R  c o d e s  fo r  th e  d e v e lo p e d  

h y b r id  u n s u p e rv is e d  c o m p u ta tio n a l m o d e l fo r  d e te rm in in g  th e  c ritic a l c o m b in a tio n s  o f  

sa fe ty  f a ta li ty  cau ses .
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6. STUDYING THE IMPACT OF OFFSITE CONSTRUCTION TECHNOLOGY 
ON THE WORKFORCE AND LABOR CHARACTERISTICS

6.1. OVERVIEW

D e s p ite  th a t  th e  c o n s tru c tio n  s e c to r  is  a  su b s ta n tia l  c o n tr ib u to r  a n d  d r iv e r  o f  th e  U S  

e c o n o m y , i t  h a s  e x p e rie n c e d  a  s lo w  in c re a s e  in  its  o v e ra ll p ro d u c tiv ity  w h e n  c o m p a re d  to  

o th e r  in d u s tr ie s  (L a rs so n  e t a l., 2 0 1 4 ) . F o r  in s ta n c e , th e  p ro d u c tiv ity  in  th e  m a n u fa c tu r in g  

se c to r  h a s  d o u b le d  d u r in g  th e  la s t  d e c a d e s  w h ile  th e  c o n s tru c tio n  p ro d u c tiv ity  h a s  re m a in e d  

f la t  d u r in g  th e  sa m e  p e r io d  o f  t im e  (C h a n g a li e t a l., 2 0 1 5 ) . In  a d d itio n , th e  c o n s tru c tio n  

s e c to r  is  fa c in g  c o n s id e ra b le  c h a lle n g e s  d u e  to  sh o rta g e s  in  sk ille d  la b o r  w h ic h  b e c a m e  

m o re  p ro n o u n c e d  a f te r  th e  G re a t R e c e s s io n  o f  2 0 0 7 -2 0 0 9  (C L M A , 2 0 1 3 ). T h is  is  re f le c te d  

b y  th e  fa c t th a t  a ro u n d  2 .3  m il l io n  c o n s tru c tio n  e m p lo y e e s  w e re  d isp la c e d  a f te r  th e  G re a t 

re c e s s io n , w h ic h  c o n s ti tu te s  a ro u n d  3 0 %  o f  th e  w o rk fo rc e  (Jo n e s , 2 0 1 8 ; S u n d u k o v sk iy , 

2 0 1 8 ).

T h e  sh o rta g e  o f  sk il le d  la b o r  h a s  le d  m a n y  c o n s tru c tio n  p ro je c ts  to  s u ffe r  

su b s ta n tia l  c o s t a n d  sc h e d u le  o v e rru n s . T o  th is  en d , c o m p a n ie s  in  th e  c o n s tru c tio n  in d u s try  

h a v e  sh if te d  th e i r  e ffo r ts  to  th e  u se  o f  m a n u fa c tu r in g  te c h n iq u e s  a n d  m e th o d s , n a m e ly  

o ffs ite  c o n s tru c tio n , to  a d d re s s  th e  c h a lle n g e s  o f  p o o r  p ro d u c tiv ity , s h o rta g e  o f  sk illed  

la b o r , a n d  u n s a tis fa c to ry  p ro je c t  p e rfo rm a n c e  (B a rb o s a  e t a l., 2 0 1 7 ; L a rs s o n  e t a l., 2 0 1 4 ). 

In  fac t, o f fs ite  c o n s tru c tio n  is  c o n s id e re d  as  th e  c o n s tru c tio n  e q u iv a le n t  o f  a s se m b ly - l in e  

p ro d u c tio n  w h ic h  is  seen  in  th e  m a n u fa c tu r in g  s e c to r  (K w ia te k , 2 0 1 8 ). O ffs i te  c o n s tru c tio n  

sh o w e d  g re a t  p o te n tia l  to  d ea l w ith  th e  in d u s try ’s e p id e m ic  p ro b le m s  (A ra sh p o u r , e t a l., 

2 0 1 7 ).
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O ffs ite  c o n s tru c tio n  —  a lso  s o m e tim e s  re fe r re d  to  as  o f fs ite  m a n u fa c tu r in g , 

m o d u la r  c o n s tru c tio n , o r  in d u s tr ia liz a tio n  —  is  o n e  o f  th e  m o s t  p ro m in e n t d is ru p tio n s  

c u rre n tly  e x p e rie n c e d  b y  th e  s e c to r  (T u u lb e rg , 2 0 1 8 ) . O ffs ite  c o n s tru c tio n  c o u ld  b e  d e fin e d  

as th e  te c h n iq u e  o f  e x p o rt in g  a  p o r tio n  o f  s ite -b a se d  w o rk  to  o ff-s ite , su c h  as a t 

f a b r ic a t io n /m o d u la r  a s se m b ly  sh o p s  o r  y a rd s  (C h o i e t a l., 2 0 1 9 a ). T h a t sa id , o ffs ite  

c o n s tru c tio n  in c lu d e s  d if fe re n t  a c tiv it ie s , b e in g  p re fa b r ic a t io n  o f  p a rts , s e c tio n s , o r  e n tire  

u n its  c a lle d  m o d u le s  in  a  fa c to ry -c o n tro lle d  e n v iro n m e n t (B u rso n , 2 0 1 7 ). A s  su ch , th e  te rm  

‘o ffs ite  c o n s tru c tio n ’ is  u s e d  to  in d ic a te  th e  c o n s tru c tio n  m e th o d  th a t  re lie s  on  

p re fa b ric a tio n , p re a s se m b ly , a n d  m o d u la r iz a tio n , r a th e r  th a n  an y  sp e c if ic  ty p e  o f  tw o 

d im e n s io n a l (2 D ) o r  th re e -d im e n s io n a l  (3 D ) u n its  o r  c o m p o n e n ts .

W h ile  m u lt ip le  re s e a rc h  e ffo r ts  h a v e  b e e n  c o n d u c te d  to  s tu d y  d if fe re n t 

c h a ra c te r is tic s  o f  o f fs ite  c o n s tru c tio n , v e ry  l it tle  re s e a rc h  s tu d ie s  w e re  d ire c te d  to  e x a m in e  

th e  w o rk fo rc e -re la te d  a sp e c ts  o f  o f fs ite  c o n s tru c tio n . In  fac t, a  s tu d y  c o n d u c te d  b y  H a n n a  

e t al. (2 0 1 7 )  sh o w e d  e v id e n c e  th a t  o f fs ite  c o n s tru c tio n  u s e rs  a re  p la n n in g  to  in v e s t  m o re  

e ffo r t  in  im p ro v in g  o f fs ite  c o n s tru c tio n  p ra c tic e s  w ith in  th e i r  c o m p a n ie s  b y  d e v e lo p in g  

t ra in in g  p ro g ra m s  f o r  p e rso n n e l a n d  e s ta b lis h in g  p ro to c o ls  fo r  w o rk in g  w ith  k e y  p ro je c t  

s ta k e h o ld e rs . H o w e v e r , n o  p re v io u s  s tu d y  h a s  b e e n  p e rfo rm e d  to  h e lp  in d u s try  p ra c tit io n e rs  

in  p r io r it iz in g  su c h  t ra in in g  n e e d s  a n d  p ro g ra m s  f o r  th e  d if fe re n t  w o rk fo rc e  o c c u p a tio n s  

in v o lv e d  in  th e  o ffs ite  c o n s tru c tio n -re la te d  a c tiv it ie s ;  b e in g  o f fs ite  o r  o n s ite . T o  th is  end , 

th is  se c tio n  o f  th e  d is s e r ta tio n  a im s  to  a d d re s s  th is  w o rk fo rc e  a s p e c t  o f  th e  o ffs ite  

c o n s tru c tio n .

O ffs ite  c o n s tru c tio n  is  a  w id e ly  a c c e p te d  a lte rn a tiv e  to  c o n v e n tio n a l s ite -b a se d  

c o n s tru c tio n  s in c e  i t  p ro v id e s  m a n y  b e n e f i ts  c o m p a re d  to  tra d itio n a l  s tic k -b u ilt
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c o n s tru c tio n  (P a n  a n d  S id w e ll, 2 0 1 1 ) . In  fac t, o f fs ite  c o n s tru c tio n  is  an  e ffe c tiv e  d r iv e r  o f  

g ro w th  in  th e  c o n s tru c tio n  in d u s try  a n d  h a s  m a d e  c o n s id e ra b le  p ro g re s s  a ro u n d  th e  w o r ld  

a n d  (M a o  e t a l., 2 0 1 5 ) . O ffs ite  c o n s tru c tio n  is  c o m p r ise d  o f  th re e  m a in  a sp ec ts : (1 ) 

p ro d u c in g  c o n s tru c tio n  c o m p o n e n ts  in  a  c o n tro lle d  e n v iro n m e n t o r  fa c to ry ; (2 )  tra n s p o r t in g  

th e m  to  th e  site ; a n d  (3 ) in s ta ll in g  th e  c o m p o n e n ts  o r  m o d u le s  o n s ite  (Z h a n g  e t a l., 2 0 2 0 ).

T h e  sh o rta g e  o f  sk il le d  la b o r  h a s  le d  m a n y  c o n s tru c tio n  p ro je c ts  to  su ffe r  

su b s ta n tia l  c o s t a n d  sc h e d u le  o v e rru n s . T o  th is  en d , c o m p a n ie s  in  th e  c o n s tru c tio n  in d u s try  

h a v e  sh if te d  th e ir  e ffo r ts  to  th e  u se  o f  m a n u fa c tu r in g  te c h n iq u e s  a n d  m e th o d s , n a m e ly  

o ffs ite  c o n s tru c tio n , to  a d d re s s  th e  c h a lle n g e s  o f  p o o r  p ro d u c tiv ity , sh o rta g e  o f  sk illed  

la b o r , a n d  u n s a tis fa c to ry  p ro je c t  p e rfo rm a n c e  (B a rb o s a  e t a l., 2 0 1 7 ; L a rs s o n  e t a l., 2 0 1 4 ). 

In  fac t, o f fs ite  c o n s tru c tio n  h a s  b e e n  u s e d  in  d if fe re n t  ty p e s  o f  c o n s tru c tio n  p ro je c ts  an d  

h a s  sh o w n  to  e n h a n c e  p ro je c t  p e rfo rm a n c e  o n  m u lt ip le  m e tr ic s  in c lu d in g  im p ro v e d  

p re d ic ta b ili ty , lo w e r  la b o r  a n d  s o f t  co s ts , s h o rte r  s c h ed u le s , b e t te r  q u a li ty , e n h a n c e d  sa fe ty  

s ta n d a rd s , re d u c e d  w a s te  m a n a g e m e n t, a n d  lo w e r  d e m a n d  fo r  la b o r  ( O ’C o n n o r  e t a l., 2 0 1 3 ; 

B a ld w in  e t a l., 2 0 0 9 ; J a il lo n  a n d  P o o n , 2 0 0 8 ; O ’C o n n o r  e t a l., 2 0 1 6 ) . A lso , i t  is  e s tim a te d  

th a t  2 5 %  o f  o n s ite  t im e  is  sp e n t c re a tin g  v a lu e , w h ile  7 5 %  o f  t im e  sp e n t o f fs ite  c re a te s  

v a lu e  (M c K in se y  &  C o m p a n y , 2 0 1 9 ). T h u s , m a n y  o rg a n iz a tio n s  a re  p u s h in g  o ffs ite  

c o n s tru c tio n  a g g re s s iv e ly  a c ro ss  a ll c o n s tru c tio n  se c to rs  a n d  a re  a c h ie v in g  g re a t  re su lts  

(F M I, 2 0 1 8 ).

T h e  A m e ric a n  In s ti tu te  o f  A rc h ite c ts  a n d  th e  N a tio n a l In s ti tu te  o f  B u ild in g  S c ien ces  

(2 0 1 9 )  p ro v id e d  th a t  th e re  w ill b e  a  s ig n if ic a n t  sh if t  to w a rd s  o ffs ite  c o n s tru c tio n  

a p p ro a c h e s  in  th e  c o m in g  y e a rs ;  e s p e c ia lly  i f  th e  sh o rta g e  o f  la b o r  c o n tin u e  to  b e  

e x a c e rb a te d  as la rg e  n u m b e rs  o f  sk il le d  c o n s tru c tio n  w o rk e rs  re tire  a n d  a re  n o t  re p la ce d .
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In  r e la tio n  to  th a t, a  s tu d y  c o n d u c te d  b y  M a rk e t  R e s e a rc h  F u tu re  (2 0 1 7 )  p re d ic te d  th a t  th e  

m a rk e t  fo r  o f fs i te /m o d u la r  c o n s tru c tio n  w ill  f lo u r is h  w ith  a  c o m p o u n d  a n n u a l g ro w th  ra te  

o f  5 .9 5 %  a n d  a  g lo b a l m a rk e t  v a lu e  o f  $ 1 5 4 .8  m il l io n  b y  th e  e n d  o f  th e  fo re c a s t  p e r io d  (i.e . 

2 0 2 6 ) . A n o th e r  s tu d y  c o n d u c te d  b y  F ro s t  &  S u lliv a n  (2 0 1 9 )  e s ta b lis h e d  th a t  th e  g lo b a l 

m a rk e t  o f  m o d u la r /o f fs i te  c o n s tru c tio n  w ill g ro w  w ith  a  c o m p o u n d  a n n u a l g ro w th  ra te  o f  

6 .3 %  as  a  re s u lt  o f  th e  u p t ic k  in  c o n s tru c tio n  a c tiv it ie s  a n d  s ig n if ic a n t co st, la b o r , a n d  tim e  

sa v in g s  a s so c ia te d  w ith  o f fs ite  c o n s tru c tio n  (L im a y e , 2 0 1 9 ) . F o llo w in g  th e  A s ia -P a c if ic  

re g io n , th e  N o r th  A m e ric a  a re a  is  th e  se c o n d  la rg e s t  r e g io n  fo r  o f fs i te /m o d u la r  c o n s tru c tio n  

w ith  a  m a rk e t  sh a re  o f  2 7 .6 %  a n d  a  m a rk e t  v a lu e  o f  $ 2 8 .7  m il l io n  (G lo b a l M o d u la r  

C o n s tru c tio n  M a rk e t  R e s e a rc h  R e p o r t, 2 0 1 7 ).

W h ile  a c a d e m ic  re s e a rc h e rs  a n d  c o n s tru c tio n  in d u s try  p ra c ti t io n e rs  h a v e  in v e s te d  

m a n y  e ffo r ts  to  e n h a n c e  th e  p ro d u c tiv ity  o v e r  th e  l ife c y c le  o f  o f fs ite  c o n s tru c tio n , 

p a r t ic u la r  a tte n tio n  is  still n e e d e d  to  th e  te c h n ic a l  a n d  m a n a g e ria l  a sp e c ts  o f  o f fs ite  

c o n s tru c tio n  (Z h a n g  e t a l., 2 0 2 0 ) . In  fac t, th e  te c h n ic a l a n d  m a n a g e ria l  sk ills  o f  th e  

w o rk fo rc e  in v o lv e d  in  th e  o ffs ite  c o n s tru c tio n  o p e ra tio n s  p la y  an  im p o r ta n t  ro le  in  b e tte r  

le v e ra g in g  su c h  sm art, m o d e rn , a n d  in n o v a tiv e  c o n s tru c tio n  m e th o d  a n d  in  e n h a n c in g  th e  

e f f ic ie n c y  a n d  p ro d u c tiv ity  o f  th e  o f fs ite  c o n s tru c tio n  w o rk s  a n d  ac tiv itie s .

D e s p ite  th a t  m u lt ip le  re se a rc h  e ffo r ts  h a v e  b e e n  c o n d u c te d  to  s tu d y  d if fe re n t 

c h a ra c te r is tic s  o f  o f fs ite  c o n s tru c tio n , v e ry  l it tle  re s e a rc h  s tu d ie s  w e re  d ire c te d  to  e x a m in e  

th e  w o rk fo rc e -re la te d  a sp e c ts  o f  o f fs ite  c o n s tru c tio n  e sp e c ia lly  as re la te d  to  i ts  im p a c t  on  

th e  te c h n ic a l a n d  m a n a g e ria l  sk il ls  o f  th e  w o rk fo rc e . In  fac t, a  s tu d y  c o n d u c te d  b y  H a n n a  

e t al. (2 0 1 7 )  sh o w e d  e v id e n c e  th a t  o f fs ite  c o n s tru c tio n  u s e rs  a re  p la n n in g  to  in v e s t  m o re  

e ffo r t  in  im p ro v in g  o f fs ite  c o n s tru c tio n  p ra c tic e s  w ith in  th e ir  c o m p a n ie s  b y  d e v e lo p in g
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t ra in in g  p ro g ra m s  fo r  p e rso n n e l a n d  e s ta b lis h in g  p ro to c o ls  fo r  w o rk in g  w ith  k e y  p ro je c t  

s ta k e h o ld e rs . H o w e v e r , l it tle  o r  n o  p re v io u s  s tu d y  h a s  b e e n  p e rfo rm e d  to  h e lp  c o n s tru c tio n  

f irm s  in  p r io r it iz in g  su ch  tra in in g  n e e d s  a n d  p ro g ra m s  fo r  th e  d if fe re n t  e n g in e e rin g , 

c o n s tru c tio n , a n d  a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s  in v o lv e d  in  th e  o ffs ite  

c o n s tru c tio n -re la te d  a c tiv it ie s . T o  th is  en d , th is  se c tio n  o f  th e  d is s e r ta t io n  a d d re s se s  th is  

u n s tu d ie d  w o rk fo rc e  a s p e c t  o f  th e  o f fs i te  c o n s tru c tio n .

6.2. OBJECTIVE

T h e  g o a l o f  th is  se c tio n  o f  th e  d is s e r ta tio n  is  to  in v e s t ig a te  th e  im p a c t  o f  o ffs ite  

c o n s tru c tio n  o n  th e  w o rk fo rc e . In  r e la tio n  to  th a t, th e  o b je c tiv e s  o f  th is  s e c tio n  o f  th e  

d is s e r ta tio n  in c lu d e :  (1 )  id e n tif ic a t io n  o f  th e  d if fe re n t  o n s ite  a n d  o f fs ite  c o n s tru c tio n  

w o rk fo rc e  o c c u p a tio n s  a n d  la b o r  c h a ra c te r is tic s ;  (2 )  q u a n tif ic a tio n  o f  th e  im p a c ts  o f  o f fs ite  

c o n s tru c tio n  o n  th e  sk ill se t o f  th e  id e n tif ie d  o n s ite  a n d  o f fs ite  w o rk fo rc e  o c c u p a tio n s ; (3 ) 

e v a lu a tio n  o f  th e  im p a c ts  o f  o f fs ite  c o n s tru c tio n  o n  th e  d e m a n d  fo r  th e  id e n tif ie d  o n s ite  

a n d  o ffs ite  w o rk fo rc e  o c c u p a tio n s ; (4 )  a s se s s m e n t o f  th e  im p a c ts  o f  o f fs ite  c o n s tru c tio n  o n  

th e  id e n tif ie d  la b o r  c h a ra c te r is tic s ;  (5 )  id e n tif ic a t io n  o f  th e  d if fe re n t  e n g in e e rin g , 

c o n s tru c tio n , a n d  a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s  in v o lv e d  in  th e  o ffs ite  c o n s tru c tio n  

o p e ra tio n s ; (6 )  q u a n tif ic a tio n  o f  th e  im p a c ts  o f  o f fs ite  c o n s tru c tio n  o n  th e  te c h n ic a l sk ills  

o f  th e  id e n tif ie d  e n g in e e r in g , c o n s tru c tio n , a n d  a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s ; (7 ) 

e v a lu a tio n  o f  th e  im p a c ts  o f  o f fs ite  c o n s tru c tio n  o n  th e  m a n a g e ria l  sk ills  o f  th e  id e n tif ie d  

e n g in e e r in g , c o n s tru c tio n , a n d  a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s ; a n d  (8 )  p r io r it iz a t io n  

o f  th e  im p a c ts  o f  o f fs ite  c o n s tru c tio n  fo r  th e  id e n tif ie d  e n g in e e r in g , c o n s tru c tio n , an d  

a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s . T o  th is  en d , th is  se c tio n  o f  th e  d is s e r ta t io n  h e lp s
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c o m p a n ie s  in  b e tte r  u n d e rs ta n d in g  a n d  re a liz in g  th e  im p lic a tio n s  o f  o f fs ite  c o n s tru c tio n  as 

re la te d  to  th e  k e y  w o rk fo rc e  o c c u p a tio n s  a n d  la b o r  c h a ra c te r is tic s . T h is  w o u ld  u ltim a te ly  

h e lp  in d u s try  p ra c tit io n e rs  in  w o rk fo rc e  p la n n in g  a n d  m a n a g e m e n t, in  th e  p r io r it iz a t io n  o f  

t ra in in g  n e e d s  a n d  p ro g ra m s , a n d  in  im p ro v in g  th e  q u a lity  o f  th e  w o rk fo rc e  in v o lv e d  in  th e  

o ffs ite  c o n s tru c tio n  o p e ra t io n s ;  b e in g  o n s ite  o r  o ffs ite .

6.3. CURRENT STATE OF LITERATURE AND ASSOCIATED LIMITATIONS

M a n y  re s e a rc h  e ffo r ts  w e re  d ire c te d  to  s tu d y  m u lt ip le  a sp e c ts  o f  o ffs ite  

c o n s tru c tio n . T h e re fo re , th is  su b se c tio n  p ro v id e s  th e  c u rre n t s ta te  o f  k n o w le d g e  an d  

d isc u s se s  th e  k n o w le d g e  g a p  p re s e n t  in  th e  l ite ra tu re .

6.3.1. Existing Offsite Construction Related Research Efforts. P re v io u s  w o rk  

w a s  c o n d u c te d  to  p e rfo rm  a  c o m p a r is o n  o f  w o rk e r  sa fe ty  r isk s  b e tw e e n  o f fs ite  c o n s tru c tio n  

a n d  o n s ite  m e th o d s  a n d  to  p ro v id e  an  e m p ir ic a l a n d  e v id e n c e -b a s e d  e x p la n a tio n  fo r  w h y  

o ffs ite  c o n s tru c tio n  c a n  h e lp  re d u c e  sa fe ty  r isk s  o n  c o n s tru c tio n  s ite s  (A h n  e t a l., 2 0 2 0 ). 

O th e r  s tu d ie s  p ro v id e d  a  m u lt ifa c e te d  p ro d u c tiv ity  c o m p a r is o n  o f  o f fs ite  t im b e r  

m a n u fa c tu r in g  s tra te g ie s  b e tw e e n  th e  M a in la n d  E u ro p e  (E U ) a n d  th e  U n ite d  K in g d o m  

(U K ), a n d  i t  w a s  fo u n d  th a t  th e  la b o r  p ro d u c tiv ity  o f  th e  su rv e y e d  U K  p a n e liz e d  a n d  E U  

v o lu m e tr ic  m a n u fa c tu re rs  w a s  c o m p a ra b le  b u t  th e  U K  v o lu m e tr ic  m a n u fa c tu re r s ’ 

p ro d u c tiv ity  w a s  lo w e r  (D u n c h e v a  a n d  B ra d le y , 2 0 1 9 ) . O th e r  e ffo r ts  in c lu d e d  a d d re s s in g  

u n b a la n c e d  re s o u rc e  d is tr ib u tio n  a n d  e ff ic ie n tly  m a n a g in g  re s o u rc e -c o n s tra in e d  

p ro d u c tio n  in  o f fs ite  c o n s tru c tio n  b y  e x a m in in g  th e  u s e  o f  d if fe re n t  la b o r  s tru c tu re s  to  

a d d re s s  b o ttle n e c k s  in  p ro d u c tio n  (N a s ir ia n  e t a l., 2 0 1 9 ) . P re v io u s  s tu d ie s  a lso  d e v e lo p e d  

le a rn in g  c u rv e  m o d e ls  re la te d  to  w o rk e rs ’ m a s te ry  o f  th e  m a n u fa c tu re  o f  p re c a s t
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c o m p o n e n ts  (a  ty p e  o f  o f fs ite  c o n s tru c tio n )  a n d  to  d e te rm in e  th e  w o rk e r  t im e  fo r  p re c a s t 

c o m p o n e n t p ro d u c tio n  in  c o n s tru c tio n  (T a i e t a l., 2 0 2 1 ) . In  a d d itio n , a  s tu d y  w a s  p e rfo rm e d  

to  a s se ss  th e  s ta te  o f  p re fa b r ic a t io n  p ra c tic e  in  th e  e le c tr ic a l c o n s tru c tio n  in d u s try , a n d  it  

p ro v id e d  th a t  p re fa b r ic a t io n  u se rs  a re  p la n n in g  to  in v e s t  m o re  e ffo r t  in  im p ro v in g  

p re fa b r ic a t io n  p ra c tic e s  b y  d e v e lo p in g  t ra in in g  p ro g ra m s  f o r  p e rso n n e l a n d  e s ta b lis h in g  

p ro to c o ls  fo r  w o rk in g  w ith  su p p lie rs  a n d  v e n d o rs  (H a n n a  e t a l., 2 0 1 7 ).

O n  th e  o th e r  h a n d , e ffo r ts  w e re  d ire c te d  to  s tu d y  th e  e ffe c ts  o f  le a n  c o n s tru c tio n  on  

th e  su s ta in a b ili ty  o f  m o d u la r  h o m e b u ild in g , a n d  re c o m m e n d a tio n s  w e re  p ro v id e d  o n  h o w  

to  a d d re ss  th e  b a rr ie rs  to  th e  w id e s p re a d  a p p lic a t io n  o f  s u s ta in a b le  h o m e b u ild in g  (e .g ., 

h ig h e r  in itia l c o s ts  la rg e ly  a ttr ib u ta b le  to  th e  le a rn in g  c u rv e  o f  w o rk e rs  b u ild in g  w ith  th e se  

p ra c tic a l in n o v a tio n s  a n d  te c h n o lo g ie s  a n d  th e  a d d e d  c o s t re s u ltin g  f ro m  il l-d e f in e d  

c o n s tru c tio n  p ro c e s s e s )  (N a h m e n s  a n d  Ik u m a , 2 0 1 2 ) . M o re o v e r , p re v io u s  w o rk  m o d e le d  

a n d  p re d ic te d  th e  l ik e lih o o d  o f  p re fa b r ic a t io n  fe a s ib il i ty  fo r  e le c tr ic a l c o n s tru c tio n  f irm s  

a n d  fo u n d  th a t  p re fa b r ic a t io n  fe a s ib il ity  is  s ig n if ic a n tly  d e p e n d e n t o n  (1 ) fo u r  in d u s try -  

re la te d  d e te rm in a n ts :  re g io n a l e c o n o m ic  g ro w th , in d u s try  c o m p e tit io n , la b o r  c o s t ra te , an d  

w o rk e r  u n io n  re s is ta n c e ;  a n d  (2 ) tw o  m a in  in te rn a l f irm -re la te d  d e te rm in a n ts :  b u ild in g  

in fo rm a tio n  m o d e lin g  (B IM ) c a p a b ili ty  a n d  su p p ly  c o o rd in a tio n  w ith  v e n d o rs  (S a id , 2 0 1 6 ). 

In  a d d itio n , a  d e liv e ry  f ra m e w o rk  w a s  p re s e n te d  f o r  m u lt i- s to ry  m o d u la r  b u ild in g s  to  

a d d re s s  b o th  th e  p ro je c t-b a se d  a n d  p ro d u c t-b a s e d  n a tu re  o f  th e s e  b u ild in g s  a n d  to  o u tlin e  

a  b a s e lin e  to  e x te n d  th e  in d u s try  fo u n d a tio n  c la s se s  ( IF C )  d a ta  sc h e m a  a n d  e n a b le  i t  to  

m o d e l sp e c if ic  e le m e n ts  o f  m o d u la r  b u ild in g s  (R a m a ji e t a l., 2 0 1 7 ) . F u r th e rm o re , d e c is io n 

m a k in g  fa c to rs  th a t  a f fe c t  th e  u s e  o f  o f fs ite  c o n s tru c tio n  w e re  id e n tif ie d  b a s e d  o n  a 

c o m p re h e n s iv e  re v ie w  o f  th e  lite ra tu re , a n d  i t  w a s  fo u n d  th a t  a  to ta l  o f  50  fa c to rs  im p a c t
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th e  v a r io u s  m o d u la r  c o n s tru c tio n  o p e ra tio n s  in  th e  c o n s tru c tio n  in d u s try  (A b d u l N a b i an d  

E l-a d a w a y , 2 0 2 0 ). S in c e  m a n d a to ry  la w  p ro v is io n s  ta k e  p re c e d e n c e  o v e r  c o n tra c tu a l 

s t ip u la tio n s  b y  th e  p a r t ie s  (A ssa a d  a n d  A b d u l-M a la k  2 0 2 0 a ) , o th e r  re s e a rc h  e ffo r ts  s tu d ie d  

th e  c o m m e rc ia l  a n d  le g a l c o n s id e ra t io n s  o f  o f fs ite  c o n s tru c tio n  p ro je c ts  a n d  th e ir  h y b r id  

tra n s a c tio n s  a n d  o ffe re d  g u id a n c e  to  th e  m a n a g e m e n t, c o m m e rc ia l , a n d  le g a l p ra c tit io n e rs  

o n  d if fe re n t  a sp e c ts  re la te d  to  o f fs ite  c o n s tru c tio n  tra n s a c tio n s  (A ssa a d  e t a l., 2 0 2 0 e ). A lso , 

th e  c h a n g e s  n e e d e d  in  c u rre n t  e n g in e e r in g , p ro c u re m e n t, a n d  c o n s tru c tio n  p ro c e s se s  w e re  

d e te rm in e d  to  c re a te  o p tim a l e n v iro n m e n t fo r  a  b ro a d e r  a n d  m o re  e ffe c tiv e  u s e  o f  

m o d u la r iz a tio n , a n d  i t  w a s  fo u n d  th a t  p ro je c t  te a m s  sh a ll p a y  c lo se  a tte n tio n  to  m o d u le  

e n v e lo p e  l im ita tio n s , te a m  a g re e m e n t o n  p ro je c t  d r iv e rs , a d e q u a te  o w n e r-p la n n in g  

re so u rc e s  a n d  p ro c e s se s , t im e ly  f re e z e  o f  s c o p in g  a n d  d e s ig n , a n d  d u e  re c o g n itio n  o f  

p o s s ib le  ea rly  c o m p le tio n  f ro m  m o d u la r iz a tio n  ( O ’C o n n o r  e t a l., 2 0 1 4 ).

F u r th e rm o re , p re v io u s  re s e a rc h  e ffo r ts  in v e s t ig a te d  th e  c o m b in a to r ia l  e ffe c ts  o f  

m o d u la r iz a tio n  c ritic a l su c c e ss  fa c to rs  o n  th e  c o s t a n d  sc h e d u le  p e rfo rm a n c e s  o f  in d u s tr ia l  

m o d u la r  p ro je c ts  a n d  p ro p o se d  a  c o n c e p tu a l m o d e l (C h o i e t a l., 2 0 1 6 ) . In  a d d itio n , th e  

fe a s ib il ity , c h a lle n g e s , a n d  c ritic a l su c c e ss  fa c to rs  o f  m o d u la r  in te g ra te d  c o n s tru c tio n  w e re  

in v e s tig a te d , a n d  a  fe a s ib il i ty  in d e x  w a s  p ro p o se d  b a s e d  o n  p e rfo rm a n c e  le v e ls  an d  

a g g re g a tio n  o f  g lo b a l w e ig h ts  o f  c ritic a l su c c e ss  fa c to rs  (Z h a n g  e t a l., 2 0 2 1 ). M o re o v e r , a 

m e th o d o lo g y  w a s  in tro d u c e d  fo r  th e  d y n a m ic  a s se s s m e n t a n d  p ro a c tiv e  m a n a g e m e n t o f  

e x c e s s iv e  g e o m e tr ic  v a r ia b il i ty  is s u e s  in  m o d u la r  c o n s tru c tio n  p ro je c ts  (E n sh a s s i  e t a l., 

2 0 2 0 ) . F in a lly , p re v io u s  e ffo r ts  w e re  c o n d u c te d  to  a d d re s s  a  le v e ra g in g  o p p o r tu n ity  fo r  

m o d u la r iz a tio n  a u g m e n ta tio n  b y  e x a m in in g  h o w  m o d u la r iz a tio n  a n d  d e s ig n  

s ta n d a rd iz a tio n  re la te  to  o n e  a n o th e r  in  th e  in d u s tr ia l  s e c to r  b y  p ro v id in g  in s ig h ts  in to  th e
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6.3.2. Knowledge Gap. B a s e d  o n  th e  e x te n s iv e  l i te ra tu re  re v ie w  o f  p re v io u s  

re s e a rc h  s tu d ie s  o n  o f fs i te /m o d u la r  c o n s tru c tio n  p e rfo rm e d  in  th e  p re v io u s  su b se c tio n , it  

c o u ld  b e  c o n c lu d e d  th a t  m u lt ip le  re s e a rc h  e ffo r ts  h a v e  b e e n  d ire c te d  to  e x a m in e  d if fe re n t 

c h a ra c te r is tic s  o f  o f fs ite  c o n s tru c tio n  su c h  as  c ritic a l su c c e ss  fa c to rs , o p p o r tu n itie s  fo r  

m o d u la r iz a tio n  a u g m e n ta tio n , e ffe c ts  o f  le a n  c o n s tru c tio n  o n  th e  s u s ta in a b ili ty  o f  m o d u la r  

h o m e b u ild in g , p re fa b r ic a t io n  fe a s ib il ity , in d u s try  fo u n d a tio n  c la s se s  ( IF C )  d a ta  s c h e m a  in  

m o d u la r  b u ild in g s , d e c is io n -m a k in g  fa c to rs  a ffe c tin g  th e  u s e  o f  o f fs ite  c o n s tru c tio n , 

c o m m e rc ia l  a n d  le g a l c o n s id e ra t io n s  o f  h y b r id  o ffs ite  c o n s tru c tio n  p ro je c ts  an d  

tra n sa c tio n s , c re a tin g  o p tim a l e n v iro n m e n t fo r  a  b ro a d e r  a n d  m o re  e ffe c tiv e  u s e  o f  

m o d u la r iz a tio n , p ro p o s in g  a  fe a s ib il ity  in d e x , a n d  m a n a g in g  e x c e s s iv e  g e o m e tr ic  

v a r ia b il i ty  issu e s . H o w e v e r , l it tle  re s e a rc h  s tu d ie s  w e re  d ire c te d  to  s tu d y  th e  w o rk fo rc e -  

re la te d  a sp e c ts  o f  o f fs ite  c o n s tru c tio n . M o re  sp e c if ic a lly , th e  p re v io u s  s tu d ie s  th a t  

in v e s t ig a te d  la b o r - re la te d  c h a ra c te r is t ic s  m a in ly  fo c u s e d  o n  (1 )  p e rfo rm in g  a  c o m p a r iso n  

o f  w o rk e r  sa fe ty  r isk s  b e tw e e n  o ffs ite  c o n s tru c tio n  a n d  o n s ite  m e th o d s , (2 )  p ro v id in g  a 

p ro d u c tiv ity  c o m p a r is o n  o f  o f fs ite  t im b e r  m a n u fa c tu r in g  s tra te g ie s  b e tw e e n  d if fe re n t 

g e o lo g ic a l re g io n s  a n d  a re a s , (3 )  a d d re s s in g  u n b a la n c e d  re s o u rc e  d is tr ib u tio n  an d  

e ff ic ie n tly  m a n a g in g  re s o u rc e -c o n s tra in e d  p ro d u c tio n  in  o ffs ite  c o n s tru c tio n ; a n d  (4 ) 

d e v e lo p in g  le a rn in g  c u rv e  m o d e ls  fo r  w o rk e rs  to  m a s te r  so m e  o f  th e  m a n u fa c tu r in g  a sp ec ts  

o f  o f fs ite  c o n s tru c tio n . T h u s , n o  p re v io u s  s tu d y  h as  b e e n  p e rfo rm e d  to  s tu d y  th e  im p a c t  o f  

o f fs ite  c o n s tru c tio n  o n  th e  o n s ite  a n d  o f fs ite  c o n s tru c tio n  w o rk fo rc e , o n  d if fe re n t  la b o r  

c h a ra c te r is tic s , a n d  o n  th e  e n g in e e r in g , c o n s tru c tio n , a n d  a d m in is tra t iv e  w o rk fo rc e . T o  th is

characteristics of modular projects with standard design, assessment of its impact and

benefits, and lessons learned (O’Connor et al., 2015).
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en d , th e re  is  a  k n o w le d g e  g a p  in  th e  c u rre n t b o d y  o f  k n o w le d g e  as re la te d  to  h e lp in g  

in d u s try  p ra c tit io n e rs  in  p r io r it iz in g  tra in in g  n e e d s  a n d  p ro g ra m s  fo r  th e  d if fe re n t 

w o rk fo rc e  o c c u p a tio n s  in v o lv e d  in  th e  o ffs ite  c o n s tru c tio n -re la te d  a c tiv it ie s  as w e ll as in  

u n d e rs ta n d in g  th e  im p lic a tio n s  o f  o f fs ite  c o n s tru c tio n  o n  m u ltip le , r a th e r  th a n  sp e c if ic , 

w o rk fo rc e -re la te d  c h a ra c te r is t ic s . T h a t  sa id , th is  se c tio n  o f  th e  d is s e r ta t io n  a d d re s se s  th is  

c r itic a l re s e a rc h  n e e d  a n d  k n o w le d g e  g a p .

6.4. METHODOLOGY

T o  a tta in  th e  re s e a rc h  g o a l a n d  o b je c tiv e s  o f  th is  se c tio n  o f  th e  d is se r ta tio n , an  

in te rd e p e n d e n t m u lt i- s te p  m e th o d o lo g y  w a s  fo llo w e d  as d e ta ile d  in  th e  fo llo w in g  

s u b se c tio n s .

6.4.1. Formation of a Panel of Industry Practitioners. A  p a n e l o f  19 in d u s try  

p ra c tit io n e rs  w a s  d e v e lo p e d  a t th e  b e g in n in g  o f  th is  re s e a rc h  as a p p o in te d  b y  th e  

C o n s tru c tio n  In d u s try  In s t i tu te  (C II)  f o r  re s e a rc h  te a m  (R T )-3 7 1  a t M is s o u r i  U n iv e rs i ty  o f  

S c ie n c e  a n d  T e c h n o lo g y , P u rd u e  U n iv e rs ity , a n d  th e  U n iv e rs i ty  o f  A rk a n sa s . T h e  

e s ta b lis h e d  in d u s try  p a n e l h a s  a c tiv e ly  p a r t ic ip a te d  th ro u g h o u t  th e  d u ra tio n  a n d  s te p s  o f  

th e  re s e a rc h  th ro u g h  p e r io d ic  fa c e - to - fa c e  a n d  v ir tu a l m e e tin g s  as w e ll  as c o n fe re n c e  c a lls  

to  e n su re  th a t  th e  o u tc o m e s , c o n c lu s io n s , a n d  re c o m m e n d a tio n s  o f  th is  re s e a rc h  a re  h ig h ly  

p ra c tic a l a n d  b e n e fic ia l  to  th e  in d u s try . T h e  m e m b e rs  o f  th e  p a n e l c o m e  f ro m  a  ra n g e  o f  

in d u s tr ia l  se c to rs , w ith  a  m ix  o f  o w n e r , c o n tra c to r , a n d  se rv ic e  p ro v id e rs  o rg a n iz a tio n s . I t 

is  w o r th  m e n tio n in g  th a t  th is  a p p ro a c h  h a s  b e e n  w id e ly  fo llo w e d  b y  C II  in  a lm o s t  a ll its  

a p p lie d  re s e a rc h  p ro je c ts  a n d  h a s  b e e n  p ro v e n  to  o ffe r  ro b u s t  a n d  v a lid  f in d in g s . T o  n a m e  

a  few , G o o d ru m  e t al. (2 0 1 1 )  e s ta b lis h e d  a  p a n e l o f  18 in d u s try  m e m b e rs  to  p ro v id e
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th re s h o ld s  fo r  su c c e ss fu l, in c o n c lu s iv e , a n d  u n s u c c e s s fu l  te c h n o lo g ie s  a n d  to  a s se ss  th e  

im p a c t  o f  te c h n o lo g y  o n  p ro d u c tiv ity  in  th e  c o n s tru c tio n  in d u s try . A u s tin  e t al. (2 0 1 6 )  

c re a te d  an  in d u s try  e x p e r t  p a n e l f ro m  15 p ra c tit io n e rs  to  e x a m in e  m u lt ip le  c o n c e p ts  o r  

p ra c tic e s  th a t  a re  e s se n tia l  fo r  th e  su c c e ss  o f  f la sh  tra c k  p ro je c ts . O ’C o n n o r  a n d  M o c k

(2 0 1 9 )  re lie d  o n  a  p a n e l o f  16 in d u s try  p ra c ti t io n e rs  to  p ro v id e  in d u s try  in s ig h ts , a s s is t  w ith  

d a ta  c o lle c tio n , a n d  h e lp  im p ro v e  re s e a rc h  p ro d u c ts  to  e x a m in e  a n d  c h a ra c te r iz e  c o m m o n  

p ro b le m a tic  a c tiv it ie s  a c ro s s  th e  in d u s tr ia l  sec to r.

6.4.2. Identification of the Offsite and Onsite Workforce Occupations and the 

Labor Characteristics. T h ro u g h o u t se v e ra l m e e tin g s  a n d  o n lin e  w o rk s h o p s  w ith  th e  

in d u s try  p a n e l —  a n d  b a s e d  o n  th e  o c c u p a tio n a l p ro f ile s  p ro v id e d  b y  th e  U S  B u re a u  o f  

L a b o r  S ta tis tic s  (2 0 2 0 b ); th e  l is t  o f  th e  c ra fts , t it le s , d is c ip lin e s  s p e c if ie d  b y  th e  N C C E R

(2 0 2 0 )  ; a n d  a  re v ie w  o f  th e  l ite ra tu re  —  th e  R T -3 7 1  te a m  (1 ) id e n tif ie d  a  l is t  o f  o f fs ite  

c o n s tru c tio n  w o rk fo rc e  o c c u p a tio n s ; (2 )  id e n tif ie d  a  l is t  o f  o n s ite  c o n s tru c tio n  w o rk fo rc e  

o c c u p a tio n s ; a n d  (3 )  id e n tif ie d  a  l is t  o f  la b o r  c h a ra c te r is tic s . T h e  id e n tif ie d  o f fs ite  an d  

o n s ite  w o rk fo rc e  o c c u p a tio n s  as w e ll as th e  id e n tif ie d  la b o r  c h a ra c te r is tic s  a re  sh o w n  in  

F ig u re  6.1 a n d  6 .2 , re sp e c tiv e ly . I t  is  w o r th  m e n tio n in g  th a t  s in c e  o ffs ite  c o n s tru c tio n  

in v o lv e s  p e rfo rm in g  th e  w o rk  in  a  c o n tro lle d  e n v iro n m e n t a n d  th e n  s h ip p in g  o r  a s se m b lin g  

i t  o n s ite , th e  c o n s tru c tio n  w o rk fo rc e  —  in v o lv e d  in  c u rre n t o f fs ite  c o n s tru c tio n  p ro je c ts  —  

p e rfo rm s  h y b r id  c o n s tru c tio n  a c tiv it ie s ;  th a t  is, b o th  o ffs ite  c o n s tru c tio n  ta s k s  an d  

tra d itio n a l  o n s ite  c o n s tru c tio n  a c tiv it ie s  (A ra s h p o u r  e t a l., 2 0 1 6 ) . T h e re fo re , th e  in d u s try  

p a n e l c o n s id e re d  b o th  o f fs ite  a n d  o n s ite  c o n s tru c tio n  o c c u p a tio n s  in  th is  re se a rc h  as sh o w n  

in  F ig u re  6 .1 .
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---------------------1 Offsite W orkforce O ccupations |--------------------- ---------------------1 O nsite W orkforce O ccupation s J---------------------
1. Assembly, fabrication, and production personnel 1. Boilermakers
2. Equipment and machine operations personnel and 2. Carpenters

technicians 3. Concrete, brick, block, stone, and plastering personnel
3. Material handling and warehouse management personnel 4. Drywall personnel
4. Planners, expeditors, facilitators, sequence management, and 5. Electrical personnel

supply chain personnel 6. Equipment operators
5. Start-up, testing, and commissioning personnel 7. Floor layers/installers/setters
6. Logistics and transportation management personnel 8. General Laborers/Helpers
7. Engineering personnel (industrial, mechanical, electrical, 9. Glaziers

manufacturing, systems, etc.) 10. Heavy civil personnel (earthwork, utilities, highway, etc.)
8. Quality assurance, quality control, and reliability personnel 11. Offsite modules/components installation and set-up
9. Maintenance, programming, and troubleshooting personnel personnel
10. Safety personnel 12. Instrumentation and control personnel
11. Procurement and contract management personnel 13. Insulation personnel
12. Instrumentation and controls personnel 14. Ironworkers
13. Heavy lifting, rigging, and signal personnel 15. Lifting, cranes, hoisting, rigging, and signal personnel
14. Technology and configuration specialists 16. Mechanical personnel
15. Detailers 17. Millwrights
16. Specification writers 18. Painters
17. Computer-aided manufacturing (CAM) and information 19. Pipefitters, pipelayers, and steamfitters

modeling professionals 20. Plumbing personnel
18. Truck drivers 21. Roofers and waterproofers

22. Scaffold builders
23. Sheet Metal
24. Welders

F ig u re  6.1 O ffs ite  a n d  o n s ite  w o rk fo rc e  o c c u p a tio n s .

M o re o v e r , th e  s ta te  o f  th e  w o rk fo rc e  a n d  its  d e m o g ra p h ic s  a re  a f fe c te d  b y  d if fe re n t 

a sp e c ts  in c lu d in g  g e n d e r, d iv e rs ity , ag e , e d u c a tio n , a n d  w o rk e rs  m e m b e rs h ip  (C a rm e li an d  

W e isb e rg , 2 0 0 6 ; K e a tin g , 2 0 1 9 ; G o o d ru m , 2 0 0 3 ). A s  su ch , th e s e  w o rk fo rc e  d e m o g ra p h ic  

a sp e c ts  ( i.e ., g e n d e r, d iv e rs ity , ag e , e d u c a tio n , a n d  w o rk e rs  m e m b e rs h ip )  w e re  c o n s id e re d  

in  th is  re se a rc h , w ith  e a c h  w o rk fo rc e  d e m o g ra p h ic  a sp e c t b e in g  d iv id e d  in to  n u m e ro u s  s u b 

e le m e n ts  as  sh o w n  in  F ig u re  6 .2 , in  a d d itio n  to  th e  id e n tif ie d  w o rk fo rc e  a ttr ib u te s  th a t  a re  

a lso  sh o w n  in  F ig u re  6 .2 . T o  e n su re  th e  b re a d th  o f  th e  id e n tif ie d  l is t  o f  o c c u p a tio n s  an d  

la b o r  c h a ra c te r is tic s , th e  re s p o n d e n ts  o f  th e  p re p a re d  su rv e y  ( th e  su rv e y  d e ta ils  a re  

p ro v id e d  in  th e  n e x t  s u b s e c tio n s )  w e re  p ro v id e d  w ith  th e  o p tio n  to  a d d  a n y  e x tra  o f fs ite  

w o rk fo rc e  o c c u p a tio n s , o n s ite  w o rk fo rc e  o c c u p a tio n s , o r  la b o r  c h a ra c te r is tic s  th a t  th e y  see  

m is s in g  o r  o f  in te re s t  to  th e  in d u s try  o r  to  th em .
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------------------- [_______W orkforce Diversity_______j-------------------
1. Opportunities for women
2. Opportunities for minorities (women not included) and 

diverse ethnic groups
3. Opportunities for international/immigrant workforce
4. Opportunities for workforce with special needs
5. Opportunities for converting the workforce from non

construction industries to the construction industry
6. Opportunities for veterans or active military members

------------------- 1 W orkforce G enerations |-------
1. Opportunities for 'silent generation' or 'traditionalists'
2. Opportunities for 'baby boomers'
3. Opportunities for 'generation X'
4. Opportunities for ‘generation Y* 1 or 'Millennials'
5. Opportunities for 'generation Z'
6. Opportunities for 'generation alpha'

----------- f W orkforce Education Level ]-------------------

1. Opportunities for diploma holders
2. Opportunities for associate degree holders
3. Opportunities for bachelor's degree holders (graduates from 

undergraduate degrees)
4. Opportunities for master's degree holders
5. Opportunities for professional degree holders
6. Opportunities for doctoral (or Ph.D) degree holders

------------------- 1 W orkforce M em bership

1. Opportunities for union labor
2. Opportunities for non-union labor

------------------- [______ W orkforce Attributes______ ■--------------------
1. Workforce productivity
2. Workforce rework (man-hours attributed to  rework)
3. Idle (stand-by) workforce (paid man-hours not spent working)
4. Labor disputes
5. Workplace th e ft and fraud
6. Workforce (or staffing) turnover
7. Workforce mobility, transfer, o r relocation from  one 

geographical area to  the other
8. Workforce overtime (man-hours attribu ted  to  overtime)
9. Quality o f the working conditions
10. Workforce health and safety
11. Workforce absenteeism
12. Workforce fatigue
13. Age o f retirement
14. Crew or team size
15. Job security
16. Workforce's quality o f work
17. Workforce compensation (overall package: pay and benefits)
18. Length o f workforce career path progression/development
19. Travel and per diem rate
20. Workforce learning rate
21. Workforce smartness, adaptability, and flex ib ility
22. Cost o f workforce training and development
23. Shifting work hours to  international low-cost labor locations

F ig u re  6 .2  L a b o r  c h a ra c te r is tic s .

6.4.3. Identification of the Engineering, Construction, and Administrative 

Workforce Occupations. T h e  R T -3 7 1  fo llo w e d  th e  te a m  id e a  m a p p in g  b ra in s to rm in g  

m e th o d  fo r  th e  id e n tif ic a t io n  o f  th e  d if fe re n t w o rk fo rc e  o c c u p a tio n s . T h is  w a s  p o s s ib le  

th ro u g h o u t  se v e ra l m e e tin g s  a n d  o n lin e  w o rk s h o p s  w ith  th e  in d u s try  p a n e l —  a n d  w ith  

re fe re n c e  to  th e  o c c u p a tio n a l p ro f ile s  p ro v id e d  b y  th e  U S  L a b o r  S ta tis t ic s  (2 0 2 0 )  as w e ll 

as th e  o c c u p a tio n s  in  th e  in d u s try  p a n e l ’s c o m p a n ie s . T h is  a llo w e d  th e  R T -3 7 1  te a m  to  (1 ) 

id e n tify  a  l is t  o f  ( 1 )  e n g in e e r in g  w o rk fo rc e  o c c u p a tio n s ;  ( 2 )  c o n s tru c tio n  w o rk fo rc e  

o c c u p a tio n s ; a n d  (3 )  a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s .

T h e  te a m  id e a  m a p p in g  m e th o d  is  a  ty p e  o f  b ra in  s to rm in g  te c h n iq u e  fo r  g ro u p  

d e lib e ra tio n  in  a  n o n ju d g m e n ta l  a n d  f r ie n d ly  e n v iro n m e n t as i t  e n c o u ra g e s  p a r t ic ip a tio n  b y
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all th e  m e m b e rs  (G o sw a m i e t a l., 2 0 2 0 ) . T h e  te a m  id e a  m a p p in g  m e th o d  is  a  p o w e rfu l 

w h o le -b ra in e d  v isu a l th in k in g  to o l th a t  e n h a n c e s  th o u g h t  o rg a n iz a tio n , p la n n in g , 

c o m m u n ic a tio n , a n d  m e m o ry , a n d  i t  is  u s e d  as a  p o w e rfu l to o l fo r  d e v e lo p in g  c o lle c tiv e  

c re a tiv ity  a m o n g  th e  te a m  m e m b e rs  (Jo se p h  a n d  A ro c k ia m a ry , 2 0 1 4 ) . In  a d d itio n , th e  te a m  

id e a  m a p p in g  m e th o d  w a s  c h o se n  in  th is  re s e a rc h  d u e  to  i ts  p ra c tic a lly  a n d  b e n e f i ts  

c o m p a re d  to  o th e r  m e th o d s  —  as l is te d  b y  M a rk o v  (2 0 1 8 ); J o s e p h  a n d  A ro c k ia m a ry  

(2 0 1 4 ); C e a u su  (2 0 1 5 ); W ils o n  (2 0 2 0 ); K a ja b i (2 0 2 1 ), in c lu d in g : e n s u rin g  th a t  a ll m e m b e rs  

p a r t ic ip a te  a n d  n o  id e a s  a re  re je c te d ; a llo w in g  a  la rg e  v o lu m e  o f  d if fe re n t  id eas ; h e lp in g  in  

s tru c tu r in g  in fo rm a tio n  a n d  b e tte r  a n a ly z in g , c o m p re h e n d in g , sy n th e s iz in g , re c a llin g , an d  

g e n e ra tin g  n e w  id eas ; im p ro v in g  c o lla b o ra tio n ; m a k in g  all th e  m e m b e rs  o f  th e  te a m  w o rk  

b y  a s so c ia tio n  w h e re in  e a c h  m e m b e r  p u ts  fo rw a rd  th e ir  v iew ; c o n tr ib u tin g  to  c re a tiv e  

o u tc o m e s ; o f fe r in g  b ro a d e r  p e rs p e c tiv e  in  th e  v a r ie ty  o f  id ea s ; c o n n e c tin g  su b -id e a s  an d  

le t t in g  e v e ry o n e  c o n tr ib u te  th e ir  th o u g h ts  o n  e a c h  p o te n tia l  av e n u e ; a n d  g iv in g  th e  g ro u p  

m e m b e rs  th e  in c re a s e d  a b ility  to  m o re  c o m p e te n tly  p lan , o rg a n iz e , c o m m u n ic a te , 

re m e m b e r , in n o v a te , a n d  a c c o m p lis h  fa s te r.

T h e  s ta n d a rd  p ro c e d u re s  o r  s te p s  fo r  th e  te a m  id e a  m a p p in g  m e th o d  w e re  fo llo w e d  

in  th is  re s e a rc h  as  fo llo w s , a n d  as  d e s c r ib e d  in  J o s e p h  a n d  A ro c k ia m a ry  (2 0 1 4 ): (1 ) 

p re s e n tin g  a  c o m m o n  to p ic  fo r  a n a ly s is  to  th e  g ro u p  (i.e ., th e  id e n tif ic a t io n  o f  th e  

e n g in e e r in g , c o n s tru c tio n , a n d  a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s  in  th is  re se a rc h ) , (2 ) 

e n c o u ra g in g  a  p o o l o f  a n sw e rs  f ro m  all th e  m e m b e rs  o f  th e  te a m , (3 )  c re a tin g  a  c o m m o n  

id e a  m a p  d ra w in g  o r  ta b le  u s in g  b la c k b o a rd , a n d  (4 ) c o n s o lid a tin g  th e  a n sw e rs  a n d  d r iv in g  

th e  so lu tio n  ( i.e ., th e  f in a l l is t  o f  w o rk fo rc e  o c c u p a tio n s ) . D u r in g  th e  c o n s o lid a tio n  p h ase , 

p a r t ic ip a n ts  m a y  d isc o v e r  a  c o m m o n  in te rp re ta t io n  o r  u n d e rs ta n d in g  o f  th e  id e n tif ie d  ite m s
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u n d e r  s c ru tin y  as th e y  sh a re  th e  m e a n in g s  b e h in d  th e ir  id ea s , w h ic h  e n a b le s  n e w  id e a s  to  

a rise  b y  a s so c ia tio n  a n d  to  b e  a d d e d  to  th e  m a p  as w e ll (G o sw a m i e t a l., 2 0 2 0 ) . O n c e  all 

th e  id e a s  a re  c a p tu red , th e  g ro u p  c a n  p r io r it iz e  a n d /o r  ta k e  th e  n e e d e d  a c tio n s  o r  f in a l 

d e c is io n  (M a rk o v , 2 0 1 8 ) . T o  th is  en d , th e  id e n tif ie d  w o rk fo rc e  o c c u p a tio n s  w a s  th e  re s u lt  

o f  a  fa c e - to - fa c e  b ra in s to rm in g  w o rk s h o p  a c tiv ity  b e tw e e n  th e  m e m b e rs  o f  th e  in d u s try  

p a n e l, a n d  th e  f in a l l is t  o f  th e  id e n tif ie d  w o rk fo rc e  o c c u p a tio n s  is  sh o w n  in  F ig u re  6 .3 .

--------------------[ Engineerin g W orkforce ]-----------
1. Project principals/directors
2. Structural engineers
3. Quantity surveying engineers
4. Cost estimation engineers
5. Planning engineers
6. Geotechnical engineers
7. Electrical engineers
8. Mechanical engineers
9. Plumbing engineers
10. Civil engineers
11. Health and safety engineers
12. Quality assurance and quality control engineers
13. Specialty engineers
14. BIM and 3D/4D/nD information modeling and rendering
15. Detailing professionals
16. Specification writers
17. Land surveying and landscape professionals
18. Architects * 1 11

------------------- 1 Construction W orkforce )-----------
1. Project management professionals
2. Procurement professionals
3. Expeditors
4. Logistics professionals
5. Construction managers
6. Planning and control professionals
7. Safety professionals
8. Quality assurance and quality control professionals
9. Materials management professionals
10. Field coordination and interface management personnel
11. Superintendents
12. Foremen
13. Waste management personnel
14. Start-up, testing, and commissioning personnel
15. Constructability professionals
16. Specialized lifts and heavy haul professionals

---------------------[ A dm inistrative W orkfo rce )---------------------

1. Project executive professionals
2. Legal and contract professionals
3. Environmental, green, and sustainability professionals
4. Project finance professionals
5. Permitting and regulation professionals
6. Risk management professionals
7. Sales, operations, technology, and construction (SOTC) 

professionals
8. Owner's representative
9. Sub-contractor(s) administration personnel
10. Marketing and business development professionals
11. Human resources (HR) professionals
12. Project controls professionals
13. Computer and information technology (IT) professionals
14. Insurance professionals
15. Advanced work packaging (AWP) professionals
16. Document control professionals

F ig u re  6 .3  E n g in e e r in g , c o n s tru c tio n , a n d  a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s .
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A s sh o w n  in  F ig u re  6 .3 , (1 ) th e  e n g in e e r in g  w o rk fo rc e  in c lu d e s  d if fe re n t  

o c c u p a tio n s  th a t  a re  u s u a lly  in v o lv e d  in  th e  ea rly  p h a se s  o f  th e  p ro je c ts  ( i.e ., p la n n in g  an d  

d e s ig n ) , (2 )  th e  c o n s tru c tio n  w o rk fo rc e  in  th is  se c tio n  o f  th e  d is s e r ta t io n  re fe rs  to  th e  

m a n a g e ria l  w o rk fo rc e  o c c u p a tio n s  th a t  a re  u s u a lly  in v o lv e d  in  th e  c o n s tru c tio n  p h a se  o f  

th e  p ro je c ts  (an d  s o m e tim e s  in  th e  e a rly  p h a s e s  to  p ro v id e  c o n s tru c ta b ili ty  fe e d b a c k s ) , an d  

(3 )  th e  a d m in is tra t iv e  w o rk fo rc e  in c lu d e s  d if fe re n t  o c c u p a tio n s  th a t  a re  u s u a lly  in v o lv e d  

th ro u g h o u t  m o s t  p h a se s  o f  th e  p ro je c ts  a n d  th a t  a re  re s p o n s ib le  fo r  a d m in is tra t iv e  a sp ec ts . 

T o  fu r th e r  e n su re  th e  b re a d th  o f  th e  id e n tif ie d  l is t  o f  o c c u p a tio n s  sh o w n  in  F ig u re  6 .3 , th e  

R T -3 7 1  te a m  p ro v id e d  th e  re s p o n d e n ts  o f  th e  p re p a re d  su rv e y  w ith  th e  o p tio n  to  a d d  an y  

e x tra  e n g in e e r in g , c o n s tru c tio n , a n d  a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s  th a t  th e y  see 

m is s in g  o r  o f  in te re s t  to  th e  in d u s try  o r  to  th em .

6.4.4. Survey Development. A  su rv e y  w a s  d e v e lo p e d  to  (1 ) d e te rm in e  th e  im p a c t  

o f  o f fs ite  c o n s tru c tio n  o n  th e  s k illse t  ( re s k il l in g  o r  u p s k il l in g )  o f  th e  (a )  o f fs ite  c o n s tru c tio n  

w o rk fo rc e  a n d  th e  (b )  o n s ite  w o rk fo rc e ; (2 )  d e te rm in e  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  on  

th e  d e m a n d  ( sh r in k  o r  g ro w )  fo r  th e  (a )  o f fs ite  c o n s tru c tio n  w o rk fo rc e  a n d  th e  (b )  o n s ite  

w o rk fo rc e ; (3 ) d e te rm in e  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  la b o r  c h a ra c te r is tic s ;  (4 ) 

d e te rm in e  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  t e c h n ic a l  sk ill se t o f  th e  (a )  e n g in e e r in g  

w o rk fo rc e  o c c u p a tio n s , (b )  c o n s tru c tio n  w o rk fo rc e  o c c u p a tio n s , a n d  (c) a d m in is tra tiv e  

w o rk fo rc e  o c c u p a tio n s ; (5 )  d e te rm in e  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  m a n a g e r ia l  

sk ill se t o f  th e  (a )  e n g in e e r in g  w o rk fo rc e  o c c u p a tio n s , (b )  c o n s tru c tio n  w o rk fo rc e  

o c c u p a tio n s , a n d  (c )  a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s .

6.4.4.I. Likert scale used for the onsite workforce occupations, the offsite 

construction occupations, and the labor characteristics. T o  e n su re  re l ia b le  re su lts , it
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w a s  im p o r ta n t  th a t  th e  L ik e r t  sc a le  b e  e x p lic it ly  d e f in e d  to  th e  r e s p o n d e n ts  so  th e y  w o u ld  

all h a v e  th e  sa m e  a n d  c o n s is te n t  u n d e rs ta n d in g  o f  th e  m e a n in g  o f  th e  d if fe re n t  sca le  

n u m b e rs . T h is  a lso  m in im iz e s  q u a li ta t iv e  b ia s  b y  th e  re sp o n d e n ts . T h u s , th e  R T -3 7 1  te a m  

u til iz e d  th e  s ta n d a rd  L ik e r t  sc a le  th a t  w a s  d e v e lo p e d  b y  C II  (2 0 1 3 ), w h ic h  h a s  b e e n  u s e d  

in  m u lt ip le  p re v io u s  re s e a rc h  s tu d ie s . T o  th is  en d , a  d o u b le  s id e d  5 -p o in t L ik e r t  sc a le  

( sh o w n  in  T a b le  6 .1 )  w a s  u s e d  to  u n d e rs ta n d  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  o n s ite  

a n d  o ffs ite  w o rk fo rc e  o c c u p a tio n s  a n d  o n  th e  la b o r  c h a ra c te r is tic s . In  r e la tio n  to  th a t, a 

p o s it iv e  sc o re  re f le c ts  th e  lev e l o f  u p s k il l in g  o f  th e  s k illse t  o f  th e  c o rre s p o n d in g  w o rk fo rc e  

o c c u p a tio n , th e  le v e l o f  g ro w th  o f  th e  d e m a n d  fo r  th e  c o rre s p o n d in g  o c c u p a tio n , a n d  th e  

d e g re e  o f  in c re a s e  fo r  th e  c o rre s p o n d in g  la b o r  c h a ra c te r is tic , a n d  a  n e g a tiv e  s c o re  re f le c ts  

th e  lev e l o f  r e s k ill in g  o f  th e  s k illse t  o f  th e  c o rre s p o n d in g  w o rk fo rc e  o c c u p a tio n , th e  lev e l 

o f  sh r in k a g e  o f  th e  d e m a n d  fo r  th e  c o rre s p o n d in g  o c c u p a tio n , a n d  th e  d e g re e  o f  d e c re a se  

fo r  th e  c o rre s p o n d in g  la b o r  c h a ra c te r is tic . T h e  u s e d  L ik e r t  s c a le  is  sh o w n  in  T a b le  6 .1 , an d  

th e  re s u lts  a re  re p o r te d  o n  b o th  th e  5 -p o in t  sc a re  as  w e ll as  th e  e q u iv a le n t  p e rc e n ta g e  sca le .

T a b le  6.1  U s e d  L ik e r t  sca le ; a d a p te d  f ro m  C II  (2 0 1 3 ).

D e s c r ip t io n  o f  th e  sc a le A s s o c ia te d  ra n g e
±  1 =  N e g lig ib le w ill c h a n g e  b y  < 5 %
±  2  =  M in o r w ill c h a n g e  b y  5 -1 0 %
±  3 =  M o d e ra te w ill c h a n g e  b y  1 0 -2 0 %
±  4  =  S ig n if ic a n t w ill c h a n g e  b y  2 0 -5 0 %
±  5 =  E x tre m e w ill c h a n g e  b y  > 5 0 %

A lso , th e  re s p o n d e n ts  h a d  th e  o p tio n  to  s e le c t ‘n o  c h a n g e ’ i f  th e y  p e rc e iv e  th a t  th e re  

w ill  b e  n o  c h a n g e  in  th e  a s so c ia te d  w o rk fo rc e  o c c u p a tio n  o r  c h a ra c te r is tic . T o  fu r th e r
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e n su re  c o n s is te n t  u n d e rs ta n d in g  o f  th e  L ik e r t  sc a le  b y  th e  re sp o n d e n ts , ‘u p s k i l l in g ’ w a s  

d e f in e d  fo r  all re s p o n d e n ts  as “ th e  p ro c e s s  o f  le a rn in g  n e w  sk ills  w ith in  th e  sa m e  jo b  p ro f ile  

d u e  to  th e  in c re a s e d  sh if t  to w a rd s  o f fs ite  c o n s tru c tio n ; th e  e m p lo y e e  o r  w o rk e r  im p ro v e s  

i ts  c u rre n t sk ill s e t” , ‘r e s k i l l in g ’ w a s  d e f in e d  fo r  a ll r e s p o n d e n ts  as “ th e  p ro c e s s  o f  le a rn in g  

n e w  sk ills  to  d o  a  d if fe re n t  jo b  d u e  to  th e  in c re a s e d  sh if t  to w a rd  o f fs ite  c o n s tru c tio n ; th e  

e m p lo y e e  o r  w o rk e r  m ig h t  e a rn  a  c o m p le te ly  n e w  d e g re e  o r  c e r t if ic a t io n ” , g ro w th  w a s  

d e f in e d  fo r  a ll r e s p o n d e n t as “ th e  d e m a n d  o r  n e e d  fo r  th e  o c c u p a tio n  w ill  in c re a s e ” , an d  

sh r in k a g e  w a s  d e f in e d  fo r  a ll re s p o n d e n ts  as “ th e  d e m a n d  o r  n e e d  fo r  th e  o c c u p a tio n  w ill 

d e c re a s e ” .

6.4.4.2. Likert scale used for the engineering, construction, and administrative 

workforce occupations. T o  e n su re  re lia b le  re su lts , i t  w a s  im p o r ta n t  th a t  th e  L ik e r t  sc a le  

b e  e x p lic it ly  d e f in e d  to  th e  re s p o n d e n ts  so  th e y  w o u ld  all h a v e  th e  sa m e  a n d  c o n s is te n t  

u n d e rs ta n d in g  o f  th e  m e a n in g  o f  th e  d if fe re n t  sc a le  n u m b e rs . T h is  a lso  m in im iz e s  

q u a li ta t iv e  b ia s  b y  th e  re sp o n d e n ts . T h u s , th e  R T -3 7 1  te a m  u til iz e d  th e  s ta n d a rd  5 -p o in t 

L ik e r t  sc a le  w h ic h  w a s  d e v e lo p e d  b y  C II  (2 0 1 3 )  a n d  h a s  b e e n  u s e d  in  m u lt ip le  p re v io u s  

re s e a rc h  s tu d ie s , w h e re  1 =  N e g l ig ib le  Im p a c t, 2  =  M in o r  Im p a c t; 3 =  M o d e ra te  Im p a c t; 4 

=  S ig n if ic a n t Im p a c t; a n d  5 =  E x tre m e  Im p a c t. F o r  th e  fu ll d e s c r ip tio n  o f  ea c h  p o in t  sca le , 

in te re s te d  re a d e rs  c o u ld  c h e c k  C II  (2 0 1 3 ).

T o  fu r th e r  e n su re  c o n s is te n t  u n d e rs ta n d in g  o f  th e  L ik e r t  sc a le  b y  th e  re sp o n d e n ts , 

‘te c h n ic a l s k il ls ’ w e re  d e f in e d  fo r  a ll re s p o n d e n ts  as “ th e  te a c h a b le  a n d  m e a su ra b le  

a b il i t ie s /k n o w le d g e  n e e d e d  to  p e rfo rm  sp e c if ic  ta sk s . T h e y  a re  o f te n  g a in e d  b y  

q u a lif ic a tio n s ” . A lso , ‘m a n a g e ria l  s k il ls ’ w e re  d e f in e d  to  a ll re s p o n d e n ts  as “ th e  a ttr ib u te s
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6.4.5. Pilot Testing of the Survey. A lth o u g h  th e  d e v e lo p e d  su rv e y  w a s  re v ie w e d  

c a re fu lly  th ro u g h  th e  e n tire  su rv e y  d e v e lo p m e n t e f fo r ts , th e  su rv e y  w a s  p i lo t  te s te d  to  

e n su re  m a x im u m  b e n e f i ts  a n d  e lim in a te  an y  m is tak e s . R e s p o n d e n ts  o f  th e  p i lo t  s tu d y  w e re  

a sk e d  a t th e  e n d  o f  th e  su rv e y  to  p ro v id e  th e ir  c o m m e n ts  o n  th e  su rv e y  as re la te d  to  

p o te n tia l  ite m s  o r  a sp e c ts  th a t  n e e d  to  b e  a d d e d , m o d if ie d , o r  d e le te d ;  q u e s tio n s  th a t  n e e d  

to  b e  a d d e d , m o d if ie d , o r  d e le te d ;  c la r if ic a tio n s  th a t  n e e d  to  b e  p e rfo rm e d  to  e n su re  

c o n s is te n c y  o f  u n d e rs ta n d in g ;  a n d  an y  o th e r  su g g e s tio n s  to  m a k e  th e  su rv e y  m o re  

b e n e fic ia l. T h e  p ilo t  su rv e y  w a s  c o m p le te d  b y  11 in d u s try  p ro fe s s io n a ls  w h ic h  is  

c o n s id e re d  s a tis fa c to ry  —  as su g g e s te d  b y  C o n n e lly  (2 0 0 8 )  w h e re  a  p i lo t  s tu d y  sa m p le  is 

r e c o m m e n d e d  to  b e  1 0%  o f  th e  sa m p le  p ro je c te d  fo r  th e  la rg e r  p a re n t  s tu d y  —  sin c e  a 

sa m p le  s iz e  o f  100 re s p o n s e s  w a s  c o lle c te d  fo r  th e  la rg e r  p a re n t  su rv e y  in  th is  re s e a rc h  as 

d e ta ile d  in  th e  n e x t  su b sec tio n s .

6.4.6. Survey Modification based on the Results of the Pilot Testing. C o m m e n ts  

re c e iv e d  f ro m  th e  re s p o n d e n ts  in  th e  p i lo t  te s t in g  w e re  re c o rd e d  a n d  th e  su rv e y  w a s  f in e -  

tu n e d  a c c o rd in g ly . T h e  p ilo t  te s t in g  e n a b le d  so m e  e d itin g  o f  th e  q u e s tio n s ’ la n g u a g e  an d  

re la te d  d e s c r ip tio n s , so m e  fo rm a tt in g  a n d  a e s th e tic  c o n s id e ra t io n s , th e  re m o v a l o f  so m e  

d u p lic a tio n s , a n d  th e  e n h a n c e m e n t a n d  a d d it io n  o f  so m e  c la r if ic a tio n s  a n d  ite m s ; h o w e v e r , 

n o th in g  m a jo r  w a s  c h a n g ed .

6.4.7. Survey Distribution. T h e  su rv e y  w a s  d is tr ib u te d  a n d  d e v e lo p e d  th ro u g h  

Q u a ltr ic s  w h ic h  is  a  c lo u d -b a se d  p la tfo rm  u s e d  to  c re a te  a n d  d is tr ib u te  w e b -b a se d  su rv ey s . 

Q u a ltr ic s  is  w id e ly  u s e d  fo r  a c a d e m ic  re s e a rc h  d u e  to  i ts  e x c e p tio n a l a b ilit ie s  o f  h a v in g  a

or abilities that individuals possess to fulfill some specific management activities or tasks.

This knowledge/ability is usually learned and/or practiced through experience.”
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la rg e  a rra y  o f  q u e s tio n  ty p e s , p o s s e s s in g  h ig h ly  c u s to m iz a b le  su rv e y  d e s ig n s  an d  

a p p e a ra n c e s , a n d  a llo w in g  fo r  c o m p le x  e x p e rim e n ta l d e s ig n s  a n d  u se r- ta i lo re d  su rv e y  

p a th s .

T h e  su rv e y  w a s  d is tr ib u te d  to  re s p o n d e n ts  d e te rm in e d  b y  th e  in d u s try  p an e l 

m e m b e rs  a n d  re s e a rc h  c o lla b o ra to rs . T h e  c r ite r ia  u s e d  fo r  th e  id e n tif ie d  in d u s try  

p ro fe s s io n a ls  in c lu d e d  in d u s try  e x p e rts  (1 )  h a v in g  e x p e rie n c e  w ith  th e  U S  c o n s tru c tio n  

in d u s try , (2 )  h a v in g  e x p e rie n c e  w ith  e ith e r  o f fs ite  c o n s tru c tio n , th e  c ra f t  w o rk fo rc e , a n d /o r  

th e  in te g ra t io n  a n d  u s a g e  o f  c o n s tru c tio n  te c h n o lo g ie s ;  (3 )  r e p re s e n tin g  o n e  o f  th e  cen tra l 

p ro je c t  s ta k e h o ld e rs : (a )  o w n e rs  o r  d e v e lo p e rs ;  (b )  a rc h ite c ts , e n g in e e rs , o r  se rv ic e  

p ro v id e rs ;  a n d  (c )  c o n tra c to rs , c o n s tru c tio n  m a n a g e rs ;  o r  fa b r ic a to rs ;  a n d  (4 )  re p re s e n tin g  

o n e  o f  th e  k e y  in d u s try  sec to rs : ( i)  b u ild in g  a n d  c o m m e rc ia l;  ( ii)  in d u s tr ia l;  a n d  ( iii)  

in fra s tru c tu re . O v e ra ll, th e  su rv e y  w a s  s e n t to  2 1 5  c o n s tru c tio n  p ro fe s s io n a ls . A  to ta l  o f  

131 c o m p le te d  th e  su rv e y  (w h ic h  is  e q u iv a le n t  to  an  o v e ra ll r e s p o n s e  ra te  o f  6 0 .9 3 % ), b u t  

31 p ro v id e d  in c o m p le te  a n d  in su f f ic ie n t  re sp o n se s . A s  su ch , 100 re s p o n s e s  w e re  in c lu d e d  

in  th e  a n a ly s is  (w h ic h  is  e q u iv a le n t  to  a  u s e a b le  r e s p o n s e  ra te  o f  4 6 .5 1 % ).

6 .4 .8 . S ta t i s t i c a l  a n d  Q u a n t i t a t i v e  A n a ly s is .  D if fe re n t  s ta tis tic a l a n d  q u a n tita tiv e  

a n a ly se s  w e re  p e rfo rm e d  fo r  th e  o b ta in e d  re su lts . T h is  s u b se c tio n  p ro v id e s  a ll th e  d e ta ils  

re la te d  to  th e  p e rfo rm e d  a n a ly se s .

6 .4 .8 .I .  R e l ia b i l i ty  s ta t i s t i c a l  a n a ly s is .  T w o  ty p e s  o f  re l ia b ili ty  a re  g e n e ra lly  o f  

in te re s t: in te rn a l c o n s is te n c y  “ in te rn a l re l ia b ili ty ” a n d  in te r ra te r  a g re e m e n t “ ex te rn a l 

r e l ia b ili ty ” (P a rk  a n d  Ju n g , 2 0 0 3 ) . A s  su ch , th is  s u b se c tio n  p ro v id e s  a ll d e ta ils  p e r ta in in g  

to  th e  c o n d u c te d  re lia b ili ty  a n a ly se s .
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In te rn a l c o n s is te n c y  u s in g  C ro n b a c h ’s a lp h a  re l ia b ili ty  te s t: T o  c h e c k  th e  in te rn a l 

re l ia b ili ty  ( in te rn a l c o n s is te n c y )  a m o n g  th e  c o lle c te d  re sp o n se s , th e  C ro n b a c h ’s a lp h a  

c o e ff ic ie n t  w a s  c a lc u la te d . T h e  c o e ff ic ie n t  o f  C ro n b a c h ’s a lp h a  is  u s e d  to  in te rp re t  th e  

re l ia b ili ty  o f  fa c to rs  re tr ie v e d  f ro m  e ith e r  d ic h o to m o u s  o r  m u lt ip o in t  sc a le s  (S a n to s , 1999). 

A  C ro n b a c h ’s a lp h a  v a lu e  o f  0 .75  a n d  a b o v e  re p re s e n ts  a  re l ia b le  a n d  v a lid  q u e s tio n n a ire  

(C h r is tm a n n  a n d  A e ls tb , 2 0 0 6 )  s in c e  i t  re f le c ts  th a t  a ll re s p o n d e n ts  h a v e  th e  sa m e  

u n d e rs ta n d in g  o f  th e  su rv e y  q u e s tio n s , a n d  th u s  m a k in g  th e  su rv e y  v a lid  a n d  re liab le . T o  

th is  en d , th e  C ro n b a c h ’s a lp h a  te s t  w a s  a p p lie d  to  e x a m in e  th e  re l ia b ili ty  o f  th e  sc a le s  u s e d  

fo r  d e te rm in in g  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  s k illse t  o f  th e  w o rk fo rc e  

o c c u p a tio n s , d e te rm in in g  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  d e m a n d  fo r  th e  

w o rk fo rc e  o c c u p a tio n s , a n d  d e te rm in in g  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  la b o r  

c h a ra c te r is tic s .

E x te rn a l re lia b ili ty  u s in g  in tra c la s s  c o rre la tio n  c o e ff ic ien t: S in c e  m e a s u re m e n t 

e rro r  c a n  se rio u s ly  a f fe c t  s ta tis tic a l a n a ly s is  a n d  in te rp re ta t io n  (S h ro u t a n d  F le is s , 1 9 79), it  

is  im p o r ta n t  to  c h e c k  th e  r a te r  c o n s is te n c y  o r  a g re e m e n t (i.e ., in te r - ra te r  (e x te rn a l)  

r e lia b ili ty )  a m o n g  th e  c o lle c te d  re sp o n se s . T h a t  sa id , th e  in tra c la s s  c o rre la t io n  c o e ff ic ie n t  

( IC C ) w a s  u s e d  s in c e  i t  a  w id e ly  u s e d  in d e x  in  in te r ra te r  re l ia b ili ty  a n a ly se s  as i t  re f le c ts  

n o t  o n ly  th e  d e g re e  o f  c o rre la tio n  b u t  a lso  a g re e m e n t b e tw e e n  m e a s u re m e n ts  (K o o  a n d  L i, 

2 0 1 6 ) . In  fac t, th e  in te r ra te r  re l ia b ili ty  o r  a g re e m e n t re f le c ts  th e  v a r ia tio n  b e tw e e n  2  o r  

m o re  ra te rs  w h o  m e a s u re  th e  sa m e  g ro u p  o f  su b je c ts  (K o o  a n d  L i, 2 0 1 6 ) . T h e  IC C  v a lu e  

ra n g e s  b e tw e e n  0 a n d  1, w ith  v a lu e s  c lo se r  to  1 re p re s e n tin g  s tro n g e r  a g re e m e n t o r  

re lia b ili ty . A c c o rd in g  to  g u id e lin e s  d e v e lo p e d  b y  C ic c h e tti  a n d  S p a rro w  (1 9 8 1 )  —  w h ic h  

re s e m b le  c lo se ly  th o se  d e v e lo p e d  b y  F le is s  (1 9 8 1 ), w h e n  th e  IC C  is  b e lo w  .40, th e  lev e l o f
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a g re e m e n t is  p o o r; w h e n  i t  is  b e tw e e n  .40  a n d  .59 , th e  lev e l o f  a g re e m e n t is  fa ir; w h e n  i t  is  

b e tw e e n  .60  a n d  .74 , th e  lev e l o f  a g re e m e n t is  g o o d ; a n d  w h e n  i t  is  b e tw e e n  .75 a n d  1.00, 

th e  lev e l o f  a g re e m e n t is  ex c e lle n t.

6 .4 .8 .2 . Q u a n t i t a t i v e  c a lc u la t io n  o f  t h e  o v e ra l l  i m p a c t  o f  o f fs i te  c o n s t r u c t io n  o n  

t h e  o n s i te  a n d  o f fs i te  w o r k f o r c e .  A f te r  c o lle c tin g  th e  d a ta  f ro m  th e  re sp o n d e n ts , th e  

o v e ra ll im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  o n s ite  a n d  o f fs ite  w o rk fo rc e  o c c u p a tio n s  w a s  

c a lc u la te d . E a c h  re s p o n d e n t r  in p u ts  th e  s k i l l s e t  im p a c t  (S Iri) a n d  th e  d e m a n d  im p a c t  (D Iri) 

fo r  e a c h  w o rk fo rc e  o c c u p a tio n  t. T h e  o v e ra ll im p a c t  ( 0 / j ) fo r  e a c h  w o rk fo rc e  o c c u p a tio n  

i  is  c o m p u te d  b y  m u lt ip ly in g  th e  c o rre s p o n d in g  s k i l l s e t  im p a c t  a n d  d e m a n d  im p a c t  th a t  a re  

in p u tte d  b y  th e  re sp o n d e n ts . T h is  o v e ra ll im p a c t  a im s  to  h e lp  in  e v a lu a tin g  a n d  p r io r it iz in g  

th e  tra in in g  n e e d s  a n d  p ro g ra m s  fo r  th e  d if fe re n t  w o rk fo rc e  o c c u p a tio n s . T o  th is  en d , th e  

a v e ra g e  o v e ra ll im p a c t  w a s  q u a n tif ie d  fo r  e a c h  o n e  o f  th e  o ffs ite  a n d  o n s ite  w o rk fo rc e  

o c c u p a tio n s  u s in g  E q u a tio n  (34).

1
O l i = - ^ r S l r i x D l r i  (3 4 )

w h e re  N  is  th e  to ta l n u m b e r  o f  c o lle c te d  re sp o n se s  (w h ic h  is  100).

6 .4 .8 .3 . P r io r i t i z a t i o n  o f  i m p a c t  o n  th e  e n g in e e r in g ,  c o n s t r u c t io n ,  a n d  

a d m i n i s t r a t iv e  w o r k f o r c e  u s in g  & -m e an s  c lu s te r in g .  W h ile  s tu d y in g  th e  im p a c t  o f  

o f fs ite  c o n s tru c tio n  o n  th e  te c h n ic a l  a n d  m a n a g e ria l  sk ills  o f  th e  e n g in e e r in g , c o n s tru c tio n , 

a n d  a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s  is  im p o r ta n t, i t  is  a lso  o f  g re a t  v a lu e  to  p r io r it iz e  

th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  d if fe re n t w o rk fo rc e  o c c u p a tio n s  (e .g ., to  h e lp  in  

p r io r it iz in g  tra in in g  n e e d s , p ro g ra m s , a n d  p la n s )  b y  ta k in g  in to  c o n s id e ra tio n , o r  fa c to r in g ,
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both the technical and managerial impacts. To this end, k-means clustering was used for 

this purpose. This algorithm was employed because it is perceived to be feasible for the 

intended outcome and due to its many pronounced benefits including (1) being able to solve 

prioritization problems (Achimugu et al., 2014), (2) being one of the most commonly and 

effective methods to classify data because of its simplicity and ability to handle voluminous 

data sets (Anchalia et al., 2013), (3) being a widely used and simple approach for data 

clustering (Hassanzadeh and Meybodi, 2012), (4) being able to cluster observations into 

groups of related observations without any prior knowledge of those relationships (Shafeeq 

and Hareesha, 2012), and (5) being a versatile algorithm that has been used in diverse 

applications (Bhimani et al., 2015), and thus it proved its practicality, viability, 

functionality, convenience, and usefulness in solving and addressing many problems and 

decisions.

The k-means clustering algorithm is a method of cluster analysis which partitions 

n observations into k  clusters in which each observation belongs to the cluster with the 

nearest mean (Chandhok et al., 2012). The k-means clustering algorithm is generally 

implemented as follows (Hassanzadeh and Meybodi, 2012): (1) choosing the number of 

clusters which is referred to as ‘k ’; (2) choosing distant and distinct centroids for each of 

the chosen sets of k clusters; (3) considering each element of the given set and comparing 

its distance to all the centroids of the k  clusters, and based on the calculated distance, the 

element is added to the cluster whose centroid is nearest to the element; (4) re-calculating 

the cluster centroids after each assignment or a set of assignments; and (5) continuously 

updating until no further change is reached, as this is an iterative method.
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One of the key needed input parameters for the k-means clustering algorithm is the 

number of clusters k; hence, it needs to be determined. In relation to that, the silhouette 

score/width method (Rousseeuw, 1987) was used since it is one of the most popular 

techniques for determining the optimal number of clusters (Chang and Chi, 2019) where 

the optimal value k  of clusters is identified based on the highest silhouette score. In relation 

to that, Oskouie et al. (2017) provided that: “The silhouette method uses a similarity 

measure that is defined based on the distance.. .of the data points from their own clusters 

(intracluster variance) and the comparative distance to other clusters (intercluster 

variance)..Therefore, the k value that produces the highest average silhouette value 

represents the most optimal clustering configuration”. Once the optimal number of clusters 

is determined, it is used for each one of the three categories of the workforce occupations: 

(a) engineering, (b) construction, and (c) administrative. The silhouette score is calculated 

using Equation (35).

5  =
b - a

m a x  (a,b)
(35)

where S  is the silhouette score, a  is the mean intra-cluster distance, and b is the distance 

between a sample and the nearest cluster that the sample is not a part of.

6 .5 . R E S U L T S  A N D  A N A L Y S IS

This subsection provides the results and associated analysis in relation to the

collected data.
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6 .5 .1 . R e s p o n d e n t  D e m o g r a p h ic s .  A  to ta l  o f  100 su rv e y  re s p o n d e n ts  re p re s e n tin g  

m a jo r  s ta k e h o ld e rs  in  o f fs ite  c o n s tru c tio n  p ro je c ts  w a s  o b ta in e d  as fo llo w s : 3 6 %  re p re s e n t  

o w n e rs ; 2 5 %  re p re s e n t  a rc h ite c ts /e n g in e e rs ;  a n d  3 9 %  re p re s e n t  b u ild e rs . In  a d d itio n , th e  

d is tr ib u tio n  o f  th e  re s p o n d e n ts  a m o n g  th e  m a jo r  se c to rs  is  as fo llo w s : 7 3 %  in d u s tr ia l  sec to r; 

2 1 %  b u ild in g  a n d  c o m m e rc ia l  sec to r; a n d  6 %  in fra s tru c tu re  sec to r. M o re o v e r , th e  a v e ra g e  

in d u s try  e x p e rie n c e  o f  th e  su rv e y e d  re s p o n d e n ts  is  2 8 .0 5  y e a rs  w h e re  m o s t  o f  th e  

re s p o n d e n ts  (9 2 % )  h a v e  an  in d u s try  e x p e rie n c e  o f  10 y e a rs  a n d  m o re . O n  th e  o th e r  h an d , 

th e  a v e ra g e  e x p e rie n c e  o f  re s p o n d e n ts  in  o f fs ite  c o n s tru c tio n  is  1 3 .9 2  y e a rs , w h e re  6 4 %  o f  

th e  re s p o n d e n ts  p o s se s s  a t le a s t  10 y e a rs  o f  e x p e rie n c e  in  o f fs ite  c o n s tru c tio n . F u r th e rm o re , 

m o s t  o f  th e  r e s p o n d e n ts  h a v e  s e n io r  m a n a g e m e n t a n d  h ig h  jo b  p o s it io n s  lev e ls . 

F u r th e rm o re , a n d  to  e n su re  th a t  th e  re s p o n d e n ts  r e p re s e n t  an  a c c e p ta b le  ra n g e  o f  

e x p e rie n c e  in  th e  in d u s try , th e  e x p e rie n c e  o f  th e  su rv e y e d  in d u s try  p ra c ti t io n e rs  in  th is  

se c tio n  o f  th e  d is s e r ta t io n  w a s  c o m p a re d  w ith  o th e r  s im ila r  su rv e y -b a se d  re s e a rc h  s tu d ie s  

re la te d  to  th e  c o n s tru c tio n  fie ld . F o r  in s ta n c e , A b d u l N a b i a n d  E l-a d a w a y  (2 0 2 1 )  c o n d u c te d  

a  su rv e y  fo r  re s p o n d e n ts  w ith  an  a v e ra g e  e x p e rie n c e  o f  2 4 .3  y e a rs  in  th e  in d u s try  a n d  an  

a v e ra g e  e x p e rie n c e  o f  13 .6  y e a rs  w ith  o ffs ite  c o n s tru c tio n  to  id e n tify  th e  k e y  r isk s  a ffe c tin g  

c o s t  a n d  sc h e d u le  p e rfo rm a n c e  o f  o f fs ite  c o n s tru c tio n  p ro je c ts . C h o i e t al. (2 0 2 0 )  re l ie d  on  

a  su rv e y  d a ta  f ro m  p ro fe s s io n a ls  w ith  an  a v e ra g e  e x p e r ie n c e  o f  2 1 .7 5  y e a rs  in  th e  in d u s try  

to  d e te rm in e  th e  in n o v a tiv e  te c h n o lo g ie s  a n d  m a n a g e m e n t a p p ro a c h e s  th a t  p ro m o te  

m o d u la r iz a tio n  in  c a p ita l p ro je c ts  a n d  h ig h e r  le v e ls  o f  d e s ig n  s ta n d a rd iz a tio n . T h u s , 

c o m p a re d  to  p re v io u s  s tu d ie s , th e  c o lle c te d  re s p o n s e s  re f le c t  a  w id e  ra n g e  o f  e x p e rie n c e  in  

th e  n a tio n a l c o n s tru c tio n  in d u s try  as w e ll  as  in  th e  n a tio n a l o f fs ite  c o n s tru c tio n  m ark e t.
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6 .5 .2 . S u f f ic ie n c y  o f  t h e  R e s p o n s e  R a te  a n d  S a m p le  S ize . I t  is  v e ry  im p o r ta n t  to  

c h e c k  th e  su ff ic ie n c y  o f  th e  re s p o n s e  ra te  to  id e n tify  w h e th e r  th e  d a ta  c o lle c te d  f ro m  th e  

re s p o n d e n ts  c o u ld  b e  c o n s id e re d  as  an  a d e q u a te  r e p re s e n ta tiv e  sam p le , a n d  th u s  e n su rin g  

a  so lid  b a s is  fo r  th e  c o n d u c te d  a n a ly s is . T o  th is  en d , th e  su ff ic ie n c y  o f  th e  d a ta  c o lle c te d  

f ro m  th e  100 re s p o n d e n ts  w a s  e x a m in e d  b a s e d  o n  b o th  e m p ir ic a l e x a m in a tio n  o f  p re v io u s  

re s e a rc h  w o rk  as w e ll  as c o m m o n ly  u s e d  s ta tis tic a l te c h n iq u e s .

S in c e  th e  c o n s tru c tio n  in d u s try  is  k n o w n  to  h a v e  a  la c k  o f  p a r t ic ip a tio n  in  

q u e s tio n n a ire s  (C h e o n g  Y o n g  a n d  E m m a  M u s ta f fa , 2 0 1 2 ) , m a n y  s tu d ie s  h a v e  p ro v id e d  a 

ra n g e  fo r  th e  a c c e p ta b le  re s p o n s e  ra te  in  s u rv e y -b a se d  c o n s tru c tio n  re se a rc h  w o rk . In  

re la tio n  to  th a t, a c c o rd in g  to  F e llo w s  a n d  L iu  (2 0 1 5 ), th e  u s e a b le  r e s p o n s e  ra te  is  b e tw e e n  

2 5 %  a n d  3 5 %  in  th e  c o n s tru c tio n  re s e a rc h  s in c e  “ su rv e y  te c h n iq u e s , su c h  as 

q u e s tio n n a ire s , in te rv ie w s  a n d  so  on , a re  h ig h ly  la b o u r  in te n s iv e  o n  th e  p a r t  o f  re s p o n d e n ts  

an d , p a rtic u la r ly , o n  th e  p a r t  o f  th e  r e s e a rc h e r .” In  a d d itio n , a c c o rd in g  to  A k in to y e  (2 0 0 0 ), 

th e  m o s t  u s e d  re s p o n s e  ra te  in  c o n s tru c tio n  re s e a rc h  in v o lv in g  su rv e y s  is  in  th e  2 0 % -3 0 %  

ran g e . M o re o v e r , R y a l-N e t  a n d  K a d u m a  (2 0 1 5 )  p ro v id e d  th a t  3 0 %  is  an  a c c e p ta b le  

re sp o n se  ra te  in  c o n s tru c tio n  s tu d ie s . F u r th e r , a c c o rd in g  to  T a n  e t al. (2 0 1 4 ), th e  s ta n d a rd  

re s e a rc h  su rv e y  ra te  in  th e  c o n s tru c tio n  in d u s try  is  b e tw e e n  10%  a n d  2 0 % . F in a lly , A ssa a d  

e t al. (2 0 2 0 c )  h ig h lig h te d  th a t  th e  m o s t  c o m m o n  re s p o n s e  ra te s  in  su rv e y -b a se d  

c o n s tru c tio n  re s e a rc h  fa lls  b e tw e e n  10 %  a n d  3 0 % . A s  fa r  as  th e  to ta l  n u m b e r  o f  c o lle c te d  

re s p o n s e s  is  c o n c e rn e d , d if fe re n t s tu d ie s  s u g g e s te d  m in im u m  sa m p le  s iz e s  to  b e  u s e d  fo r  

su rv e y -b a se d  re s e a rc h  as fo llo w s : (1 ) 15 to  35 re s p o n d e n ts  (F o w le r, 1995); (2 )  30  to  50

Ultimately, such wide experience ensures that the collected responses are reliable enough

to be considered a good representative of the US offsite construction industry.
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re s p o n d e n ts  (S u d m a n , 1983); a n d  (3 )  25  to  75 re sp o n d e n ts  (C o n v e rse  a n d  P re sse r , 1986). 

T o  th is  en d , th e  o b ta in e d  u s e a b le  r e s p o n s e  ra te  o f  4 6 .5 1 %  a n d  th e  to ta l  o f  100 re s p o n se s  in  

th is  se c tio n  o f  th e  d is s e r ta t io n  a re  c o n s id e re d  a c c e p ta b le  b e c a u s e  th e y  a re  h ig h e r  th a n  th e  

c o m m o n ly  u s e d  ra n g e  fo r  th e  r e s p o n s e  ra te  a n d  th e  n u m b e r  o f  su rv e y e d  in d u s try  

p ra c tit io n e rs  in  s u rv e y -b a se d  re s e a rc h  s tu d ies .

A lth o u g h  th e  re s p o n s e  ra te  su ff ic ie n c y  is  p ro v e d  e m p ir ic a lly , i t  is  still v e ry  

im p o r ta n t  to  c o n d u c t  a  s ta tis tic a l v e r if ic a tio n . A s  su ch , E q u a tio n  (3 6 )  w a s  u se d , w h ic h  w a s  

f ir s t  e s ta b lish e d  b y  C o c h ra n  (1 9 7 7 )  a n d  u til iz e d  la te r  b y  m a n y  p re v io u s  c o n s tru c tio n  

re s e a rc h  s tu d ie s  su ch  as F e llo w s  a n d  L iu  (2 0 1 5 )  a n d  S ro u r  e t al. (2 0 1 7 ), to  n a m e  few . M o re  

sp e c if ic a lly , E q u a tio n  (3 6 )  c a lc u la te s  th e  m in im u m  n u m b e r  o f  r e s p o n d e n ts  n e e d e d  to  

e n su re  m e a n in g fu l f in d in g s  a n d  v a lid  g e n e ra liz a tio n  o f  th e  re su lts . A f te r  c o m p u tin g  th e  

m in im u m  re q u ire d  re sp o n se s , th e  o b ta in e d  m in im u m  sa m p le  n  sh a ll b e  c o m p a re d  w ith  th e  

100 o b ta in e d  re sp o n se s .

t 2S2
n  =  i f  (3 6 )

w h e re  n  is  th e  m in im u m  re q u ire d  n u m b e r  o f  re s p o n d e n ts ;  t is  th e  Z -s ta t is t ic  fo r  a  g iv e n  

s ig n if ic a n t  v a lu e  a ;  s  is  th e  e s tim a te d  v a r ia n c e  d e v ia t io n  fo r  th e  sc a le  a d o p te d  in  d a ta  

c o lle c tio n ; a n d  e  is  e q u a l to  an  a c c e p ta b le  m a rg in  o f  e rro r  m u lt ip l ie d  b y  th e  n u m b e r  o f  

p o in ts  o n  th e  p r im a ry  sca le . I t  is  to  b e  n o te d  th a t  s  is  th e  f ra c tio n  o f  th e  in c lu s iv e  ra n g e  o f  

th e  sc a le  to  th e  n u m b e r  o f  s ta n d a rd  d e v ia tio n s  th a t  in c lu d e  a lm o s t  a ll p o s s ib le  v a lu e s  in  th e

ran g e .
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T h e  c o m m o n ly  u s e d  9 5 %  lev e l o f  s ig n if ic a n c e  (K a m a li  a n d  H e w a g e , 2 0 1 7 )  w a s  

u se d , w h ic h  c o rre s p o n d s  to  an  a  e q u a l to  0 .0 5 . H e n c e , th e  c o rre s p o n d in g  v a lu e  o f  t is  1.96. 

S in c e  a  5 -p o in t L ik e r t  sc a le  is  a d o p te d  in  th is  su rv e y , s  is  c o m m o n ly  ta k e n  as 5 /6  

(R a n d iw e la  a n d  W ija y a ra tn e , 2 0 1 7 ; F e llo w s  a n d  L iu , 2 0 1 5 ). M o re o v e r , e  is  c o m p u te d  b y  

m u lt ip ly in g  5 b y  0 .0 5  w h e re  5 is  th e  n u m b e r  o f  p o in ts  o n  th e  a d o p te d  sc a le  a n d  0 .05  is  th e  

m a rg in  o f  e rro r. T h e  m a rg in  o f  e r ro r  is  g e n e ra lly  d e c id e d  b y  th e  re s e a rc h e rs , a n d  i t  is  

c o m m o n ly  ta k e n  to  b e  5 %  (P e re ira  e t a l., 2 0 1 8 ). A s  su ch , th e  m in im u m  re q u ire d  n u m b e r  

o f  re s p o n d e n ts  is  c o m p u te d  u s in g  E q u a tio n  (3 6 ) as 43 . A s  su ch , i t  c o u ld  b e  c o n c lu d e d  th a t  

th e  to ta l  o f  100 c o lle c te d  re s p o n s e s  is  c o n s id e re d  s u ff ic ie n t b e c a u s e  i t  e x c e e d s  43 w h ic h  is  

th e  re q u ire d  m in im u m  n u m b e r  o f  re s p o n d e n ts  c a lc u la te d  u s in g  E q u a tio n  (36).

6 .5 .3 . T h e  I m p a c t  o f  O f f s i te  C o n s t r u c t io n  o n  t h e  O f f s i te  W o r k f o r c e .  T h e  

m e a s u re  o f  in te rn a l re l ia b ili ty  ( in te rn a l c o n s is te n c y )  w a s  a s se s se d  u s in g  th e  C ro n b a c h ’s 

A lp h a  a n d  th e  in te r - ra te r  a g re e m e n t (e x te rn a l re l ia b ili ty )  w a s  a s se s se d  u s in g  th e  IC C . F o r  

th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  s k i l l s e t  o f  th e  o f fs ite  w o rk fo rc e  o c c u p a tio n s , th e  

o b ta in e d  C ro n b a c h ’s A lp h a  is  0 .9 5 2  w ith  a  9 5 %  c o n fid e n c e  in te rv a l o f  [0 .9 3 8 , 0 .9 6 5 ] , an d  

th e  o b ta in e d  IC C  is  0 .9 0 9  w ith  a  9 5 %  c o n fid e n c e  in te rv a l o f  [0 .8 4 , 0 .9 6 ]. A s  fo r  th e  im p a c t  

o f  o f fs ite  c o n s tru c tio n  o n  th e  d e m a n d  fo r  th e  o f fs ite  w o rk fo rc e  o c c u p a tio n s , th e  o b ta in e d  

C ro n b a c h ’s A lp h a  is  0 .9 5 8  w ith  a  9 5 %  c o n fid e n c e  in te rv a l o f  [0 .9 4 5 , 0 .9 6 9 ] , a n d  th e  

o b ta in e d  IC C  is  0 .9 1 3  w ith  a  9 5 %  c o n fid e n c e  in te rv a l o f  [0 .8 5 , 0 .9 6 ]. S in c e  all o b ta in e d  

C ro n b a c h ’s A lp h a  c o e ff ic ie n ts  a re  h ig h e r  th a n  0 .7 5 , i t  c o u ld  b e  c o n c lu d e d  th a t  th e  

e s ta b lis h e d  su rv e y  is  v a lid  a n d  re l ia b le  (C h r is tm a n n  a n d  A e ls tb , 2 0 0 6 ) . A lso , s in c e  all 

o b ta in e d  IC C  a re  g re a te r  th a n  0 .7 5 , i t  c o u ld  b e  c o n c lu d e d  th a t  th e re  is  an  e x c e lle n t 

a g re e m e n t a n d  c o n s is te n c y  b e tw e e n  th e  100 re s p o n s e s  o b ta in e d  f ro m  th e  su rv e y  (C ic c h e tti
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a n d  S p a rro w , 1981). A f te r  c h e c k in g  th e  re l ia b ili ty  a n d  v a lid ity  o f  th is  p a r t  o f  th e  su rv ey , 

th e  a v e ra g e  im p a c t  o n  s k illse t  a n d  th e  a v e ra g e  im p a c t  o n  d e m a n d  w a s  c a lc u la te d  fo r  e a c h  

o ffs ite  w o rk fo rc e  o c c u p a tio n . T h e  o b ta in e d  re su lts  fo r  th e  o f fs ite  c o n s tru c tio n  w o rk fo rc e  

a re  sh o w n  in  T a b le  6 .2 .

T a b le  6 .2  Q u a n tif ie d  im p a c ts  o n  th e  o ffs ite  c o n s tru c tio n  w o rk fo rc e .

O ffs i te  w o rk fo rc e  
o c c u p a tio n s

Imp a c t  o n  sk illse t Im p a c t  o n  d e m a n d
A v e ra g e  
sc o re  fo r  
im p a c t  

o n
sk illse t

A v e ra g e  
im p a c t  o n  

sk illse t  
( in  % )

N a tu re
o f

im p a c t
o n

sk illse t

A v e ra g e
sco re

fo r
im p a c t

o n
d e m a n d

A v e ra g e
im p a c t

o n
d e m a n d  
(in  % )

N a tu re
o f

c h a n g e
in

d e m a n d

A sse m b ly , 
fa b r ic a tio n , an d  
p ro d u c tio n  p e rso n n e l

1 .84 9 .2 % U p sk ill 1 .79 8 .9 5 % G ro w

E q u ip m e n t a n d  
m a c h in e  o p e ra tio n s  
p e rso n n e l an d  
te c h n ic ia n s

1.55 7 .7 5 % U p sk ill 1 .34 6 .7 % G ro w

M a te r ia l  h a n d lin g  an d  
w a re h o u se  
m a n a g e m e n t 
p e rso n n e l

1.4 7 .0 % U p sk ill 1 .14 5 .7 % G ro w

P la n n e rs , e x p e d ito rs , 
fa c ili ta to rs , s e q u e n c e  
m a n a g e m e n t, an d  
su p p ly  c h a in  
p e rso n n e l

1 .82 9 .1 % U p sk ill 1 .78 8 .9 % G ro w

S ta rt-u p , te s tin g , an d
c o m m iss io n in g
p e rso n n e l

1 .49 7 .4 5 % U p sk ill 1 .27 6 .3 5 % G ro w

L o g is tic s  an d  
tra n s p o r ta tio n  
m a n a g e m e n t 
p e rso n n e l

1 .67 8 .3 5 % U p sk ill 1 .78 8 .9 % G ro w
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Table 6.2 Quantified impacts on the offsite construction workforce. (Continued).

E n g in e e r in g  
p e rso n n e l ( in d u s tr ia l, 
m e c h a n ic a l, 
e le c tr ica l, 
m a n u fa c tu r in g , 
sy s te m s, e tc .)

1 .76 8 .8 % U p sk ill 1 .49 7 .4 5 % G ro w

Q u a lity  a ssu ra n c e , 
q u a lity  co n tro l, a n d  
re lia b ili ty  p e rso n n e l

1 .58 7 .9 % U p sk ill 1 .57 7 .8 5 % G ro w

M a in te n a n c e , 
p ro g ra m m in g , a n d  
t ro u b le sh o o tin g  
p e rso n n e l

1 .39 6 .9 5 % U p sk ill 1.0 5 .0 % G ro w

S afe ty  p e rso n n e l 1.11 5 .5 5 % U p sk ill 0 .73 3 .6 5 % G ro w
P ro c u re m e n t an d  
c o n tra c t m a n a g e m e n t 
p e rso n n e l

1 .44 7 .2 % U p sk ill 1.21 6 .0 5 % G ro w

In s tru m e n ta t io n  a n d  
c o n tro ls  p e rso n n e l

1 .74 8 .7 % U p sk ill 1 .49 7 .4 5 % G ro w

H e a v y  lif tin g , 
r ig g in g , a n d  s ig n a l 
p e rso n n e l

1.45 7 .2 5 % U p sk ill 1 .34 6 .7 % G ro w

T e c h n o lo g y  a n d
c o n fig u ra tio n
sp e c ia lis ts

1 .72 8 .6 % U p sk ill 1.68 8 .4 % G ro w

D e ta ile rs 1.05 5 .2 5 % U p sk ill 1.08 5 .4 % G ro w
S p e c if ic a tio n  w r ite rs 1 .26 6 .3 % U p sk ill 0 .9 2 4 .6 % G ro w
C o m p u te r-a id e d  
m a n u fa c tu r in g  
(C A M ) an d  
in fo rm a tio n  m o d e lin g  
p ro fe s s io n a ls

2 .1 2 1 1 .2 % U p sk ill 2 .0 1 0 .0 % G ro w

T ru c k  d r iv e rs 0 .7 6 3 .8 % U p sk ill 0 .8 6 4 .3 % G ro w

F u r th e rm o re , th e  o v e ra ll im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  e a c h  o n e  o f  th e  o ffs ite  

w o rk fo rc e  o c c u p a tio n s  w a s  c a lc u la te d  u s in g  E q u a tio n  (3 4 ). T h e  o b ta in e d  re su lts  a n d  th e  

a s so c ia te d  ra n k s  o f  th e  o f fs ite  c o n s tru c tio n  o c c u p a tio n s  a re  sh o w n  in  T a b le  6 .3 .
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Table 6.3 Overall impact and rank for the offsite construction workforce.

O ffs ite  w o rk fo rc e  o c c u p a tio n s O v e ra ll im p a c t  
o n  s k illse ta

R a n k

C o m p u te r -a id e d  m a n u fa c tu r in g  (C A M ) a n d  in fo rm a tio n  
m o d e lin g  p ro fe s s io n a ls

5.41 1

A sse m b ly , fa b r ic a tio n , a n d  p ro d u c tio n  p e rso n n e l 4 .5 4 2
P la n n e rs , e x p e d ito rs , fa c ili ta to rs , s e q u e n c e  m a n a g e m e n t, 
a n d  su p p ly  c h a in  p e rso n n e l

4 .5 2 3

T e c h n o lo g y  a n d  c o n f ig u ra tio n  sp e c ia lis ts 4 .1 8 4
In s tru m e n ta t io n  a n d  c o n tro ls  p e rso n n e l 3 .93 5
L o g is tic s  a n d  t ra n s p o r ta tio n  m a n a g e m e n t p e rso n n e l 3 .7 6 6
Q u a lity  a s su ra n c e , q u a lity  c o n tro l, a n d  re lia b ili ty  p e rso n n e l 3 .4 4 7
E n g in e e r in g  p e rso n n e l ( in d u s tr ia l, m e c h a n ic a l, e le c tr ica l, 
m a n u fa c tu r in g , sy s te m s, e tc .)

3 .35 8

E q u ip m e n t a n d  m a c h in e  o p e ra tio n s  p e rso n n e l a n d  
te c h n ic ia n s

3.21 9

P ro c u re m e n t a n d  c o n tra c t  m a n a g e m e n t p e rso n n e l 3 10
H e a v y  lif tin g , r ig g in g , a n d  s ig n a l p e rso n n e l 2 .9 9 11
S ta rt-u p , te s tin g , a n d  c o m m is s io n in g  p e rso n n e l 2 .9 7 12
M a te r ia l  h a n d lin g  a n d  w a re h o u se  m a n a g e m e n t p e rso n n e l 2 .7 9 13
M a in te n a n c e , p ro g ra m m in g , a n d  t ro u b le s h o o tin g  p e rso n n e l 2 .4 6 14
D e ta ile rs 1 .74 15
S p e c if ic a tio n  w r ite rs 1 .74 16
S a fe ty  p e rso n n e l 1 .72 17
T ru c k  d r iv e rs 1.08 18

aC a lc u la te d  u s in g  E q u a tio n  (3 4 )

6 .5 .4 . T h e  I m p a c t  o f  O f f s i te  C o n s t r u c t io n  o n  th e  O n s i te  W o r k f o r c e .  F o r  th e

im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  s k i l l s e t  o f  th e  o n s ite  w o rk fo rc e  o c c u p a tio n s , th e  

o b ta in e d  C ro n b a c h ’s A lp h a  is  0 .9 4 7  w ith  a  9 5 %  c o n fid e n c e  in te rv a l o f  [0 .9 3 , 0 .9 6 1 ] , an d  

th e  o b ta in e d  IC C  is  0 .9 6 2  w ith  a  9 5 %  c o n f id e n c e  in te rv a l o f  [0 .9 4 , 0 .9 8 ]. A s  fo r  th e  im p a c t  

o f  o f fs ite  c o n s tru c tio n  o n  th e  d e m a n d  fo r  th e  o n s ite  w o rk fo rc e  o c c u p a tio n s , th e  o b ta in e d  

C ro n b a c h ’s A lp h a  is  0 .9 5 4  w ith  a  9 5 %  c o n fid e n c e  in te rv a l o f  [0 .9 4 , 0 .9 6 6 ] , a n d  th e  

o b ta in e d  IC C  is  0 .9 6 8  w ith  a  9 5 %  c o n fid e n c e  in te rv a l o f  [0 .9 5 , 0 .9 8 ]. S in c e  all o b ta in e d  

C ro n b a c h ’s A lp h a  c o e ff ic ie n ts  a re  h ig h e r  th a n  0 .7 5 , it  c o u ld  b e  c o n c lu d e d  th a t  th e
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e s ta b lis h e d  su rv e y  is  v a lid  a n d  re l ia b le  (C h r is tm a n n  a n d  A e ls tb , 2 0 0 6 ) . A lso , s in c e  all 

o b ta in e d  IC C  a re  g re a te r  th a n  0 .7 5 , i t  c o u ld  b e  c o n c lu d e d  th a t  th e re  is  an  e x c e lle n t 

a g re e m e n t a n d  c o n s is te n c y  b e tw e e n  th e  100 re s p o n s e s  o b ta in e d  f ro m  th e  su rv e y  (C ic c h e tti  

a n d  S p a rro w , 1981).

A f te r  c h e c k in g  th e  re l ia b ili ty  a n d  v a lid ity  o f  th is  p a r t  o f  th e  su rv e y , th e  a v e ra g e  

im p a c t  o n  sk illse t  a n d  th e  a v e ra g e  im p a c t  o n  d e m a n d  w a s  c a lc u la te d  f o r  e a c h  o n s ite  

w o rk fo rc e  o c c u p a tio n . T h e  o b ta in e d  re su lts  f o r  th e  o n s ite  c o n s tru c tio n  w o rk fo rc e  a re  

sh o w n  in  T a b le  6 .4 .

T a b le  6 .4  Q u a n tif ie d  im p a c ts  o n  th e  o n s ite  c o n s tru c tio n  w o rk fo rc e .

O n s ite  w o rk fo rc e  
o c c u p a tio n s

Im p a c t  o n  sk il se t Im p a c t  o n  d e m a n d
A v e ra g e

sco re
fo r

im p a c t
o n

sk illse t

A v e ra g e
im p a c t

o n
sk illse t  
( in  % )

N a tu re
o f

im p a c t
o n

sk illse t

A v e ra g e
sco re

fo r
im p a c t

on
d e m a n d

A v e ra g e
im p a c t

o n
d e m a n d  
( in  % )

N a tu re
o f

c h a n g e
in

d e m a n d

B o ile rm a k e rs 0 .31 1 .5 5 % U p sk ill -0 .6 6 -3 .3 % S h rin k
C a rp e n te rs 0 .4 2 .0 % U p sk ill -0 .5 8 -2 .9 % S h rin k
C o n c re te , b r ic k , b lo c k , 
s to n e , a n d  p la s te r in g  
p e rso n n e l

0 .2 6 1 .3% U p sk ill -0 .5 6 -2 .8 % S h rin k

D ry w a ll  p e rso n n e l 0.1 0 .5 % U p sk ill -0 .8 2 -4 .1 % S h rin k
E le c tr ic a l p e rso n n e l 1 .32 6 .6 % U p sk ill -0 .01 -0 .0 5 % S h rin k
E q u ip m e n t o p e ra to rs 0 .95 4 .7 5 % U p sk ill 0 .2 5 1 .2 5 % G ro w
F lo o r
la y e rs /in s ta lle rs /s e t te rs

0 .1 7 0 .8 5 % U p sk ill -0 .4 2 -2 .1 % S h rin k

G e n e ra l
L a b o re rs /H e lp e rs

0 .41 2 .0 5 % U p sk ill -0 .6 7 -3 .3 5 % S h rin k

G la z ie rs 0 .1 6 0 .8 % U p sk ill -0 .5 2 -2 .6 % S h rin k
H e a v y  c iv il p e rso n n e l 
(e a r th w o rk , u til it ie s , 
h ig h w a y , e tc .)

0 .5 6 2 .8 % U p sk ill 0 .13 0 .6 5 % G ro w
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Table 6.4 Quantified impacts on the onsite construction workforce. (Continued).

O ffs ite
m o d u le s /c o m p o n e n ts  
in s ta lla tio n  a n d  se t-u p  
p e rso n n e l

2 .33 1 3 .3% U p sk ill 2 .2 6 1 2 .6 % G ro w

In s tru m e n ta t io n  a n d  
c o n tro l p e rso n n e l

1.51 7 .5 5 % U p sk ill 0 .8 8 4 .4 % G ro w

In su la tio n  p e rso n n e l 0 .4 6 2 .3 % U p sk ill -0 .41 -2 .0 5 % S h rin k
I ro n w o rk e rs 0 .7 2 3 .6 % U p sk ill -0 .43 -2 .1 5 % S h rin k
L if tin g , c ra n e s , h o is tin g , 
r ig g in g , a n d  s ig n a l 
p e rso n n e l

1 .46 7 .3 % U p sk ill 1 .06 5 .3 % G ro w

M e c h a n ic a l  p e rso n n e l 1 .26 6 .3 % U p sk ill -0 .01 -0 .0 5 % S h rin k
M illw r ig h ts 0 .7 4 3 .7 % U p sk ill -0 .1 2 -0 .6 % S h rin k
P a in te rs 0 .1 9 0 .9 5 % U p sk ill -0 .8 2 -4 .1 % S h rin k
P ip e fitte rs , p ip e la y e rs , 
a n d  s te a m fitte rs

0 .95 4 .7 5 % U p sk ill -0 .5 5 -2 .7 5 % S h rin k

P lu m b in g  p e rso n n e l 0 .6 6 3 .3 % U p sk ill -0 .5 -2 .5 % S h rin k
R o o fe rs  an d  
w a te rp ro o fe rs

0 .3 6 1 .8% U p sk ill -0 .3 2 -1 .6 % S h rin k

S c a ffo ld  b u ild e rs 0 .3 9 1 .95% U p sk ill -0 .5 7 -2 .8 5 % S h rin k
S h e e t M e ta l 0 .6 2 3 .1 % U p sk ill -0 .53 -2 .6 5 % S h rin k
W e ld e rs 1 .29 6 .4 5 % U p sk ill -0 .51 -2 .5 5 % S h rin k

F u r th e rm o re , th e  o v e ra ll im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  e a c h  o n e  o f  th e  o n s ite  

w o rk fo rc e  o c c u p a tio n s  w a s  c a lc u la te d  u s in g  E q u a tio n  (3 4 ). T h e  o b ta in e d  re su lts  a n d  th e  

a s so c ia te d  ra n k s  o f  th e  o n s ite  c o n s tru c tio n  o c c u p a tio n s  a re  sh o w n  in  T a b le  6 .5 .

T a b le  6 .5  O v e ra ll im p a c t  a n d  ra n k  fo r  th e  o n s ite  c o n s tru c tio n  w o rk fo rc e .

O n s ite  w o rk fo rc e  o c c u p a tio n s O v e ra ll im p a c t  o n  s k il ls e ta 
(a b so lu te  v a lu e )

R a n k

O ffs ite  m o d u le s /c o m p o n e n ts  in s ta lla tio n  an d  
se t-u p  p e rso n n e l

6 .5 2 1

L if tin g , c ra n e s , h o is tin g , r ig g in g , a n d  s ig n a l 
p e rso n n e l

2 .6 7 2

In s tru m e n ta t io n  a n d  c o n tro l p e rso n n e l 2 .6 5 3
E le c tr ic a l p e rso n n e l 1 .22 4
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Table 6.5 Overall impact and rank for the onsite construction workforce. (Continued).

E q u ip m e n t o p e ra to rs 0 .85 5
M illw r ig h ts 0 .6 6 6
M e c h a n ic a l  p e rso n n e l 0 .65 7
S c a ffo ld  b u ild e rs 0 .5 7 8
B o ile rm a k e rs 0 .55 9
In su la tio n  p e rso n n e l 0 .5 4 10
C a rp e n te rs 0 .4 9 11
H e a v y  c iv il p e rso n n e l (e a r th w o rk , u til it ie s , 
h ig h w a y , e tc .)

0 .48 12

G e n e ra l L a b o re rs /H e lp e rs 0 .38 13
P ip e fitte rs , p ip e la y e rs , a n d  s te a m fitte rs 0 .35 14
Iro n w o rk e rs 0 .1 9 15
G la z ie rs 0 .1 7 16
W e ld e rs 0 .1 2 17
C o n c re te , b r ic k , b lo c k , s to n e , a n d  p la s te r in g  
p e rso n n e l

0.1 18

P a in te rs 0 .0 9 19
D ry w a ll  p e rso n n e l 0 .0 6 2 0
F lo o r  la y e rs /in s ta lle rs /s e t te rs 0 .05 21
S h e e t M e ta l 0 .05 2 2
R o o fe rs  a n d  w a te rp ro o fe rs 0 .01 23
P lu m b in g  p e rso n n e l 0 .01 2 4

aC a lc u la te d  u s in g  E q u a tio n  (3 4 )

A s  sh o w n  in  T a b le  6 .5 , th e  to p  5 o n s ite  c o n s tru c tio n  o c c u p a tio n s  th a t  a re  m o s t  

im p a c te d  b y  th e  in c re a s e d  u se  o f  o f fs ite  c o n s tru c tio n  in c lu d e :  (1 )  o f fs ite  

m o d u le s /c o m p o n e n ts  in s ta lla tio n  a n d  se t-u p  p e rso n n e l;  (2 )  lif tin g , c ra n e s , h o is tin g , r ig g in g , 

a n d  s ig n a l p e rso n n e l;  (3 ) in s tru m e n ta t io n  a n d  c o n tro l p e rso n n e l;  (4 )  e le c tr ic a l p e rso n n e l; 

a n d  (5 ) e q u ip m e n t o p e ra to rs .

6 .5 .5 . T h e  I m p a c t  o f  O f f s i te  C o n s t r u c t io n  o n  L a b o r  C h a r a c t e r i s t i c s .  F o r  th e

la b o r  c h a ra c te r is tic s , th e  o b ta in e d  C ro n b a c h ’s A lp h a  is  0 .8 8 1  w ith  a  9 5 %  c o n fid e n c e  

in te rv a l o f  [0 .8 4 5 , 0 .9 1 2 ] , a n d  th e  o b ta in e d  IC C  is  0 .971  w ith  a  9 5 %  c o n fid e n c e  in te rv a l o f  

[0 .9 6 , 0 .9 8 ]. S in c e  all o b ta in e d  C ro n b a c h ’s A lp h a  c o e ff ic ie n ts  a re  h ig h e r  th a n  0 .7 5 , i t  c o u ld
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b e  c o n c lu d e d  th a t  th e  e s ta b lis h e d  su rv e y  is  v a lid  a n d  re l ia b le  (C h r is tm a n n  a n d  A e ls tb , 

2 0 0 6 ) . A lso , s in c e  all o b ta in e d  IC C  a re  g re a te r  th a n  0 .7 5 , i t  c o u ld  b e  c o n c lu d e d  th a t  th e re  

is  an  e x c e lle n t  a g re e m e n t a n d  c o n s is te n c y  b e tw e e n  th e  100 re s p o n s e s  o b ta in e d  f ro m  th e  

su rv e y  (C ic c h e tti  a n d  S p a rro w , 1981). A f te r  c h e c k in g  th e  re lia b ili ty  a n d  v a lid ity  o f  th is  

p a r t  o f  th e  su rv e y , th e  a v e ra g e  sc o re  a n d  p e rc e n ta g e  im p a c t  w a s  c a lc u la te d  f o r  e a c h  la b o r  

c h a ra c te r is tic . T h e  o b ta in e d  re su lts  a re  sh o w n  in  T a b le  6 .6 .

T a b le  6 .6  Im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  la b o r  c h a ra c te r is tic s .

A s p e c t L a b o r  c h a ra c te r is tic s
A v e ra g e
sco re
im p a c t

A v e ra g e
p e rc e n ta g e
im p a c t

N a tu re
o f
im p a c t

W o rk fo rc e
d iv e rs ity

O p p o r tu n itie s  fo r  w o m e n 2.1 1 1 .0 % In c re a se
O p p o r tu n itie s  f o r  m in o r it ie s  (w o m e n  
n o t  in c lu d e d )  a n d  d iv e rse  e th n ic  
g ro u p s

1.92 9 .6 % In c re a se

O p p o r tu n itie s  fo r
in te rn a tio n a l/im m ig ra n t  w o rk fo rc e

1.58 7 .9 % In c re a se

O p p o r tu n itie s  fo r  w o rk fo rc e  w ith  
d isa b ili tie s

1 .22 6 .1 % In c re a se

O p p o r tu n itie s  f o r  c o n v e r t in g  th e  
w o rk fo rc e  f ro m  n o n -c o n s tru c tio n  
in d u s tr ie s  to  th e  c o n s tru c tio n  in d u s try

1.31 6 .5 5 % In c re a se

O p p o r tu n itie s  fo r  v e te ra n s  o r  a c tiv e  
m ilita ry  m e m b e rs

1 .62 8 .1 % In c re a se

W o rk fo rc e
g e n e ra tio n s

O p p o r tu n itie s  fo r  's i le n t  g e n e ra tio n ' 
o r  'tra d itio n a lis ts '

-1 .2 9 -6 .4 5 % D e c re a s e

O p p o r tu n itie s  fo r  'b a b y  b o o m e rs ' -0 .6 8 -3 .4 % D e c re a s e
O p p o r tu n itie s  fo r  'g e n e ra t io n  X ' 0 .33 1 .6 5 % In c re a se
O p p o r tu n itie s  fo r  'g e n e ra t io n  Y ' o r  
'M ille n n ia ls '

1 .79 8 .9 5 % In c re a se

O p p o r tu n itie s  fo r  'g e n e ra t io n  Z ' 2 .4 1 4 .0 % In c re a se
O p p o r tu n itie s  fo r  'g e n e ra t io n  a lp h a ' 2 .21 1 2 .1 % In c re a se

W o rk fo rc e
m e m b e rsh ip

O p p o r tu n itie s  fo r  u n io n  la b o r 0 .0 7 0 .3 5 % In c re a se
O p p o r tu n itie s  fo r  n o n -u n io n  la b o r 1 .77 8 .8 5 % In c re a se



223

Table 6.6 Impact of offsite construction on the labor characteristics. (Continued).

O p p o rtu n itie s  fo r  d ip lo m a  h o ld e rs 1 .82 9 .1 % In c re a se
O p p o r tu n itie s  fo r  a s so c ia te  d e g re e  
h o ld e rs

1 .67 8 .3 5 % In c re a se

W o rk fo rc e
e d u c a tio n
lev e l

O p p o r tu n itie s  fo r  b a c h e lo r 's  d e g re e  
h o ld e rs

1.68 8 .4 % In c re a se

O p p o r tu n itie s  fo r  m a s te r 's  d e g re e  h o ld e rs 1.38 6 .9 % In c re a se
O p p o r tu n itie s  fo r  p ro fe s s io n a l d e g re e  
h o ld e rs

1.23 6 .1 5 % In c re a se

O p p o r tu n itie s  fo r  d o c to ra l (o r  P h .D )  
d e g re e  h o ld e rs

0 .5 9 2 .9 5 % In c re a se

W o rk fo rc e  p ro d u c tiv ity 1 .84 9 .2 % In c re a se
W o rk fo rc e  re w o rk  (m a n -h o u rs  a ttr ib u te d  
to  re w o rk )

-0 .4 8 -2 .4 % D e c re a s e

Id le  ( s ta n d -b y )  w o rk fo rc e  (p a id  m a n 
h o u rs  n o t  sp e n t w o rk in g )

-0 .7 5 -3 .7 5 % D e c re a s e

L a b o r  d isp u te s -0 .1 8 -0 .9 % D e c re a s e
W o rk p la c e  th e f t  a n d  f ra u d -0 .3 6 -1 .8 % D e c re a s e
W o rk fo rc e  (o r  s ta ff in g )  tu rn o v e r -0 .0 8 -0 .4 % D e c re a s e
W o rk fo rc e  m o b il i ty , t ra n s fe r , o r  
r e lo c a tio n  f ro m  o n e  g e o g ra p h ic a l a re a  to  
th e  o th e r

-0 .03 -0 .1 5 % D e c re a s e

W o rk fo rc e  o v e rtim e  (m a n -h o u rs  
a ttr ib u te d  to  o v e rtim e )

0 .2 6 1 .3% In c re a se

Q u a lity  o f  th e  w o rk in g  c o n d itio n s 1.77 8 .8 5 % In c re a se
W o rk fo rc e  h e a lth  a n d  sa fe ty 1.94 9 .7 % In c re a se

W o rk fo rc e
a ttr ib u te s

W o rk fo rc e  a b se n te e ism -0 .1 9 -0 .9 5 % D e c re a s e
W o rk fo rc e  fa tig u e -0 .4 -2 .0 % D e c re a s e
A g e  o f  re t ire m e n t 1 .24 6 .2 % In c re a se
C re w  o r  te a m  size -0 .4 -2 .0 % D e c re a s e
Jo b  se cu rity 0 .48 2 .4 % In c re a se
W o rk fo rc e 's  q u a lity  o f  w o rk 1.28 6 .4 % In c re a se
W o rk fo rc e  c o m p e n s a tio n  (o v e ra ll 
p a c k a g e : p a y  a n d  b e n e f i ts )

0 .6 6 3 .3 % In c re a se

L e n g th  o f  w o rk fo rc e  c a re e r  p a th  
p ro g re s s i  o n /d e v e lo p m e n t

0 .5 7 2 .8 5 % In c re a se

T ra v e l a n d  p e r  d ie m  ra te 0 .4 6 2 .3 % In c re a se
W o rk fo rc e  le a rn in g  ra te 0 .8 9 4 .4 5 % In c re a se
W o rk fo rc e  sm a rtn e ss , a d a p ta b ili ty , an d  
f le x ib ility

1.1 5 .5 % In c re a se

C o s t  o f  w o rk fo rc e  t ra in in g  an d  
d e v e lo p m e n t

1 .14 5 .7 % In c re a se

S h iftin g  w o rk  h o u rs  to  in te rn a tio n a l lo w - 
c o s t  la b o r  lo c a tio n s

1.63 8 .1 5 % In c re a se
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A s sh o w n  in  T a b le  6 .6 , so m e  o f  th e  la b o r  c h a ra c te r is tic s  a re  p e rc e iv e d  to  in c re a se  

as a  r e s u lt  o f  th e  u se  o f  o f fs ite  c o n s tru c tio n  w h ile  o th e r  la b o r  c h a ra c te r is t ic s  a re  p e rc e iv e d  

to  d e c re a se .

6 .5 .6 . T h e  I m p a c t  o f  O f f s i te  C o n s t r u c t io n  o n  th e  E n g in e e r in g  W o r k f o r c e .  T h is  

s u b se c tio n  p ro v id e s  th e  re su lts  a n d  a s so c ia te d  a n a ly s is  in  re la tio n  to  th e  c o lle c te d  d a ta  fo r  

th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  te c h n ic a l a n d  m a n a g e ria l  sk ills  o f  th e  e n g in e e r in g  

w o rk fo rc e .

6 .5 .6 .1 . I m p a c t  o n  te c h n ic a l  s k il ls e t .  T h e  m e a s u re  o f  in te rn a l re l ia b ili ty  ( in te rn a l 

c o n s is te n c y )  w a s  a s se s s e d  u s in g  th e  C ro n b a c h ’s A lp h a  a n d  th e  in te r - ra te r  a g re e m e n t 

(e x te rn a l r e l ia b ili ty )  w a s  a s se s se d  u s in g  th e  IC C . F o r  th e  im p a c t  o n  th e  te c h n ic a l  s k il lse t  o f  

th e  e n g in e e r in g  w o rk fo rc e , th e  o b ta in e d  C ro n b a c h ’s A lp h a  is  0 .9 2 7  w ith  a  9 5 %  c o n fid e n c e  

in te rv a l o f  [0 .9 0 5 , 0 .9 4 6 ] , a n d  th e  o b ta in e d  IC C  is  0 .9 2 5  w ith  a  9 5 %  c o n fid e n c e  in te rv a l o f  

[0 .8 7 , 0 .9 7 ]. S in c e  th e  o b ta in e d  C ro n b a c h ’s A lp h a  c o e ff ic ie n t  is  h ig h e r  th a n  0 .7 5 , i t  c o u ld  

b e  c o n c lu d e d  th a t  th is  p a r t  o f  th e  su rv e y  is  v a lid  a n d  re l ia b le  (C h r is tm a n n  a n d  A e ls tb , 

2 0 0 6 ) . A lso , s in c e  th e  o b ta in e d  IC C  is  g re a te r  th a n  0 .7 5 , i t  c o u ld  b e  c o n c lu d e d  th a t  th e re  is 

an  e x c e lle n t  a g re e m e n t a n d  c o n s is te n c y  b e tw e e n  th e  100 s u rv e y e d  in d u s try  p ra c tit io n e rs  

(C ic c h e tti  a n d  S p a rro w , 1 9 8 1 ) o n  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  te c h n ic a l sk il lse t  

o f  th e  e n g in e e r in g  w o rk fo rc e . T h e  o b ta in e d  re s u lts  a re  sh o w n  in  T a b le  6 .7 .

A s  sh o w n  in  T a b le  6 .7 , th e  te c h n ic a l  s k il lse t  o f  m a n y  e n g in e e r in g  o c c u p a tio n s  is 

c o n s id e ra b ly  im p a c te d  b y  o f fs ite  c o n s tru c tio n . T h e  to p  5 im p a c te d  o c c u p a tio n s  in  te rm s  o f  

te c h n ic a l s k il lse t  in c lu d e : (1 )  B IM  a n d  3 D /4 D /n D  in fo rm a tio n  m o d e lin g  a n d  re n d e r in g ; (2 ) 

m e c h a n ic a l e n g in e e r in g ; (3 )  e le c tr ic a l e n g in e e rs ;  (4 )  q u a lity  a s su ra n c e  a n d  q u a lity  c o n tro l 

e n g in e e rs ; a n d  (5 ) p la n n in g  e n g in e e rs .
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T a b le  6 .7  R e s u lts  fo r  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  te c h n ic a l s k il lse t  fo r  th e
e n g in e e r in g  w o rk fo rc e .

E n g in e e r in g  o c c u p a tio n s M e a n Stan .
dev .

R a n k

P ro je c t  p r in c ip a ls /d ire c to rs 3 .13 0 .8 4 14
S tru c tu ra l e n g in e e rs 3 .4 0 .8 4 8
Q u a n tity  su rv e y in g  e n g in e e rs 3 .2 7 0 .8 7 12
C o s t e s tim a tio n  e n g in e e rs 3 .3 9 0 .8 4 9
P la n n in g  e n g in e e rs 3 .4 7 0 .8 2 5
G e o te c h n ic a l e n g in e e rs 2 .9 1.0 17
E le c tr ic a l e n g in e e rs 3 .55 0 .8 8 3
M e c h a n ic a l  e n g in e e rs 3 .5 8 0 .7 9 2
P lu m b in g  e n g in e e rs 3 .2 2 0 .8 9 13
C iv il e n g in e e rs 3 .0 6 0 .9 6 15
H e a lth  a n d  sa fe ty  e n g in e e rs 3 .0 4 0 .8 8 16
Q u a lity  a s su ra n c e  a n d  q u a lity  co n tro l e n g in e e rs 3 .4 9 0 .7 8 4
S p e c ia lty  e n g in e e rs 3 .43 0 .8 8 6
B IM  a n d  3 D /4 D /n D  in fo rm a tio n  m o d e lin g  a n d  re n d e r in g 3.81 0 .8 5 1
D e ta il in g  p ro fe s s io n a ls 3.41 0 .9 8 7
S p e c if ic a tio n  w r ite rs 3 .3 8 0 .93 10
L a n d  s u rv e y in g  a n d  la n d s c a p e  p ro fe s s io n a ls 2 .81 1.08 18
A rc h ite c ts 3 .2 8 1.01 11

6 .5 .6 .2 . I m p a c t  o n  m a n a g e r i a l  s k il ls e t .  F o r  th e  im p a c t  o n  th e  e n g in e e r in g  

w o rk fo rc e ’s m a n a g e ria l  sk ill se t, th e  o b ta in e d  C ro n b a c h ’s A lp h a  is  0 .9 5 1  w ith  a  9 5 %  

c o n fid e n c e  in te rv a l o f  [0 .9 3 6 , 0 .9 6 4 ] , a n d  th e  o b ta in e d  IC C  0 .9 3 9  w ith  a  9 5 %  c o n fid e n c e  

in te rv a l o f  [0 .8 9 , 0 .9 7 ]. S in c e  th e  o b ta in e d  C ro n b a c h ’s A lp h a  c o e ff ic ie n t  is  h ig h e r  th a n  

0 .7 5 , i t  c o u ld  b e  c o n c lu d e d  th a t  th is  p a r t  o f  th e  su rv e y  is  v a lid  a n d  re lia b le  (C h r is tm a n n  

a n d  A e ls tb , 2 0 0 6 ) . A lso , s in c e  th e  o b ta in e d  IC C  is  g re a te r  th a n  0 .7 5 , i t  c o u ld  b e  c o n c lu d e d  

th a t  th e re  is  an  e x c e lle n t  a g re e m e n t a n d  c o n s is te n c y  b e tw e e n  th e  100 s u rv e y e d  in d u s try  

p ra c tit io n e rs  (C ic c h e tti  a n d  S p a rro w , 1 9 8 1 ) o n  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  

m a n a g e ria l  s k il lse t  o f  th e  e n g in e e r in g  w o rk fo rc e . T h e  o b ta in e d  re su lts  a re  sh o w n  in  T a b le

6 .8 .
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T a b le  6 .8  R e s u lts  fo r  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  m a n a g e ria l  s k il lse t  fo r  th e
e n g in e e r in g  w o rk fo rc e .

E n g in e e r in g  o c c u p a tio n s M e a n Stan .
dev .

R a n k

P ro je c t  p r in c ip a ls /d ire c to rs 3 .4 8 0 .8 7 1
S tru c tu ra l e n g in e e rs 3 .0 7 0 .8 8 9
Q u a n tity  su rv e y in g  e n g in e e rs 2 .9 8 0 .9 6 14
C o s t e s tim a tio n  e n g in e e rs 3 .23 1.0 7
P la n n in g  e n g in e e rs 3.41 1.01 4
G e o te c h n ic a l e n g in e e rs 2 .61 0 .9 6 17
E le c tr ic a l e n g in e e rs 3 .2 0 .9 8
M e c h a n ic a l  e n g in e e rs 3 .2 7 0 .9 2 5
P lu m b in g  e n g in e e rs 2 .8 7 0 .8 8 15
C iv il e n g in e e rs 2 .85 0 .9 6 16
H e a lth  a n d  sa fe ty  e n g in e e rs 2 .9 9 0 .9 5 11
Q u a lity  a s su ra n c e  a n d  q u a lity  co n tro l e n g in e e rs 3 .4 2 0 .9 2 3
S p e c ia lty  e n g in e e rs  (e .g . f ire  p ro te c tio n , p ro c e ss , o p e ra tio n s , 
in d u s tr ia l, h y d ra u lic , e tc .)

3 .2 4 0 .9 8 6

B IM  a n d  3 D /4 D /n D  in fo rm a tio n  m o d e lin g  a n d  re n d e r in g 3 .45 1.03 2
D e ta il in g  p ro fe s s io n a ls 2 .9 8 0 .9 5 13
S p e c if ic a tio n  w r ite rs 2 .9 8 0 .9 4 12
L a n d  s u rv e y in g  a n d  la n d s c a p e  p ro fe s s io n a ls 2 .5 8 1.07 18
A rc h ite c ts 3 .0 4 1.04 10

A s  sh o w n  in  T a b le  6 .8 , th e  m a n a g e ria l  s k il lse t  o f  m a n y  e n g in e e r in g  o c c u p a tio n s  is  

c o n s id e ra b ly  im p a c te d  b y  o ffs ite  c o n s tru c tio n  b u t  to  a  lo w e r  e x te n t as c o m p a re d  to  th e  

im p a c t  o n  th e  te c h n ic a l s k il lse t  sh o w n  in  T a b le  6 .7 . T h e  to p  5 im p a c te d  o c c u p a tio n s  in  

te rm s  o f  m a n a g e ria l  s k il ls e t  in c lu d e : (1 ) p ro je c t  p r in c ip a ls /d ire c to rs ;  (2 ) B IM  an d  

3 D /4 D /n D  in fo rm a tio n  m o d e lin g  a n d  re n d e r in g ; (3 ) q u a lity  a s su ra n c e  a n d  q u a lity  c o n tro l 

e n g in e e rs ; (4 )  p la n n in g  e n g in e e rs ;  a n d  (5 )  m e c h a n ic a l e n g in e e rs .

6 .5 .6 .3 . P r io r i t i z a t i o n  o f  t h e  im p a c te d  o c c u p a t io n s .  T h e  p r io r it iz a t io n  o f  th e  

im p a c te d  o c c u p a tio n s  w a s  p e rfo rm e d  u s in g  & -m eans c lu s te rin g , a n d  th e  o p tim a l n u m b e r  o f
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clusters was determined using the silhouette score. The obtained results are shown in

Figure 6.4.

Figure 6.4 Determining the optimal number of clusters.

As shown in Figure 6.4, the highest silhouette score is for k  = 3, thus 3 clusters are 

considered for the k-means clustering algorithm. Once the optimal number of clusters is 

determined, the k-means clustering algorithm was used to prioritize the impacted 

occupations where the first cluster includes occupations with a high overall impact, the 

second cluster includes occupations with a medium overall impact, and the third cluster 

includes occupations with a low overall impact. The obtained results are shown in Figure

6.5.
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F ig u re  6 .5  O b ta in e d  c lu s te r in g  re su lts  fo r  th e  p r io r it iz a t io n  o f  th e  e n g in e e r in g  w o rk fo rc e
o c c u p a tio n s .

A s  sh o w n  in  F ig u re  6 .5 , c o n s tru c tio n  c o m p a n ie s  sh a ll in v e s t  c o n s id e ra b le  re so u rc e s  

in  tra in in g  a n d  d e v e lo p in g  th e  fo llo w in g  p r io r it iz e d  e n g in e e r in g  o c c u p a tio n s  in  re la tio n  to  

th e  o ffs ite  c o n s tru c tio n  sk illse t: B IM  a n d  3 D /4 D /n D  in fo rm a tio n  m o d e lin g  a n d  re n d e r in g , 

m e c h a n ic a l e n g in e e rs , q u a li ty  a s su ra n c e  a n d  q u a li ty  c o n tro l e n g in e e rs , p la n n in g  e n g in e e rs , 

e le c tr ic a l e n g in e e rs , sp e c ia lty  e n g in e e rs , c o s t  e s tim a tio n  e n g in e e rs , a n d  p ro je c t 

p r in c ip a ls /d ire c to rs .

6 .5 .7 . T h e  I m p a c t  o f  O f f s i te  C o n s t r u c t io n  o n  t h e  C o n s t r u c t io n  W o r k f o r c e .

T h is  s u b se c tio n  p ro v id e s  th e  re s u lts  a n d  a s so c ia te d  a n a ly s is  in  re la tio n  to  th e  c o lle c te d  d a ta  

fo r  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  te c h n ic a l  a n d  m a n a g e ria l  sk ills  o f  th e

c o n s tru c tio n  w o rk fo rc e .
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6 .5 .7 .I .  I m p a c t  o n  t e c h n ic a l  s k il ls e t .  F o r  th e  im p a c t  o n  th e  c o n s tru c tio n  

w o rk fo rc e ’s te c h n ic a l sk ills , th e  o b ta in e d  C ro n b a c h ’s A lp h a  is  0 .9 3 3  w ith  a  9 5 %  

c o n fid e n c e  in te rv a l o f  [0 .9 1 2 , 0 .9 5 1 ] , a n d  th e  o b ta in e d  IC C  is  0 .9 2 8  w ith  a  9 5 %  c o n fid e n c e  

in te rv a l o f  [0 .8 7 , 0 .9 7 ]. S in c e  th e  o b ta in e d  C ro n b a c h ’s A lp h a  c o e ff ic ie n t  is  h ig h e r  th a n  

0 .7 5 , it  c o u ld  b e  c o n c lu d e d  th a t  th is  p a r t  o f  th e  su rv e y  is  v a lid  a n d  re liab le . A lso , s in c e  th e  

o b ta in e d  IC C  is  g re a te r  th a n  0 .7 5 , i t  c o u ld  b e  c o n c lu d e d  th a t  th e re  is  an  e x c e lle n t  a g re e m e n t 

a n d  c o n s is te n c y  b e tw e e n  th e  100 su rv e y e d  in d u s try  p ra c tit io n e rs . T h e  o b ta in e d  re su lts  a re  

sh o w n  in  T a b le  6 .9 .

T a b le  6 .9  R e s u lts  fo r  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  te c h n ic a l s k il lse t  fo r  th e
c o n s tru c tio n  w o rk fo rc e .

C o n s tru c tio n  o c c u p a tio n s M e a n Stan .
dev .

R a n k

P ro je c t  m a n a g e m e n t p ro fe s s io n a ls 3 .3 6 0.8 12
P ro c u re m e n t p ro fe s s io n a ls 3 .41 0 .78 10
E x p e d ito rs 3 .0 8 0.91 15
L o g is tic s  p ro fe s s io n a ls 3 .4 6 0 .8 9 8
C o n s tru c tio n  m a n a g e rs 3 .5 6 0 .8 6 4
P la n n in g  a n d  co n tro l p ro fe s s io n a ls 3 .4 9 0 .8 6 6
S a fe ty  p ro fe s s io n a ls 3 .13 0 .9 7 14
Q u a lity  a s su ra n c e  a n d  q u a lity  c o n tro l p ro fe s s io n a ls 3 .4 7 0 .88 7
M a te r ia ls  m a n a g e m e n t p ro fe s s io n a ls 3 .4 2 0 .9 6 9
F ie ld  c o o rd in a tio n  a n d  in te r fa c e  m a n a g e m e n t p e rso n n e l 3 .5 6 0.81 3
S u p e r in te n d e n ts 3 .4 0.83 11
F o re m e n 3 .33 0 .88 13
W a s te  m a n a g e m e n t p e rso n n e l 2 .6 9 0 .9 4 16
S ta rt-u p , te s tin g , a n d  c o m m is s io n in g  p e rso n n e l 3 .5 7 0 .8 4 2
C o n s tru c ta b il ity  p ro fe s s io n a ls 3 .6 2 0 .8 4 1
S p e c ia liz e d  l if ts  a n d  h e a v y  h a u l p ro fe s s io n a ls 3 .5 6 0 .9 5

A s  sh o w n  in  T a b le  6 .9 , th e  te c h n ic a l  s k il lse t  o f  m a n y  c o n s tru c tio n  o c c u p a tio n s  is 

c o n s id e ra b ly  im p a c te d  b y  o ffs ite  c o n s tru c tio n  w h e re  th e  to p  5 im p a c te d  o c c u p a tio n s
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in c lu d e : (1 ) c o n s tru c ta b il i ty  p ro fe s s io n a ls ;  (2 )  s ta r t-u p , te s tin g , a n d  c o m m iss io n in g  

p e rso n n e l;  (3 )  f ie ld  c o o rd in a tio n  a n d  in te r fa c e  m a n a g e m e n t p e rso n n e l;  (4 )  c o n s tru c tio n  

m a n a g e rs ;  a n d  (5 ) sp e c ia liz e d  l if ts  a n d  h e a v y  h a u l p ro fe s s io n a ls .

6 .5 .7 .2 . I m p a c t  o n  m a n a g e r i a l  s k il ls e t .  F o r  th e  im p a c t  o n  th e  c o n s tru c tio n  

w o rk fo rc e ’s m a n a g e ria l  sk ills , th e  o b ta in e d  C ro n b a c h ’s A lp h a  is  0 .9 4 2  w ith  a  9 5 %  

c o n fid e n c e  in te rv a l o f  [0 .9 2 4 , 0 .9 5 8 ] , a n d  th e  o b ta in e d  IC C  is  0 .9 3 6  w ith  a  9 5 %  c o n fid e n c e  

in te rv a l o f  [0 .8 8 , 0 .9 7 ]. S in c e  th e  o b ta in e d  C ro n b a c h ’s A lp h a  c o e ff ic ie n t  is  h ig h e r  th a n  

0 .7 5 , i t  c o u ld  b e  c o n c lu d e d  th a t  th is  p a r t  o f  th e  su rv e y  is  v a lid  a n d  re lia b le . S in c e  th e  

o b ta in e d  IC C  is  g re a te r  th a n  0 .7 5 , it  c o u ld  b e  c o n c lu d e d  th a t  th e re  is  an  e x c e lle n t  

a g re e m e n t/c o n s is te n c y  b e tw e e n  th e  100 s u rv e y e d  in d u s try  p ra c tit io n e rs . T h e  o b ta in e d  

re su lts  a re  sh o w n  in  T a b le  6 .1 0 .

T a b le  6 .1 0  R e s u lts  fo r  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  m a n a g e ria l  s k il lse t  fo r  th e
c o n s tru c tio n  w o rk fo rc e .

C o n s tru c tio n  o c c u p a tio n s M e a n Stan .
dev .

R a n k

P ro je c t  m a n a g e m e n t p ro fe s s io n a ls 3 .6 6 1.02 2
P ro c u re m e n t p ro fe s s io n a ls 3 .4 8 0.93 7
E x p e d ito rs 3 .0 7 0 .98 15
L o g is tic s  p ro fe s s io n a ls 3 .4 4 0 .9 7 8
C o n s tru c tio n  m a n a g e rs 3 .6 9 1.0 1
P la n n in g  a n d  co n tro l p ro fe s s io n a ls 3 .53 0 .95 5
S a fe ty  p ro fe s s io n a ls 3 .1 5 1.02 14
Q u a lity  a s su ra n c e  a n d  q u a lity  co n tro l p ro fe s s io n a ls 3 .4 2 0 .9 9 10
M a te r ia ls  m a n a g e m e n t p ro fe s s io n a ls 3 .3 8 0 .98 11
F ie ld  c o o rd in a tio n  a n d  in te r fa c e  m a n a g e m e n t p e rso n n e l 3 .5 9 0 .9 2 3
S u p e r in te n d e n ts 3 .43 1.06 9
F o re m e n 3 .2 7 1.0 13
W a s te  m a n a g e m e n t p e rso n n e l 2 .5 8 1.0 16
S ta rt-u p , te s tin g , a n d  c o m m is s io n in g  p e rso n n e l 3 .53 0 .9 7 6
C o n s tru c ta b il ity  p ro fe s s io n a ls 3 .5 8 0 .9 6 4
S p e c ia liz e d  l if ts  a n d  h e a v y  h a u l p ro fe s s io n a ls 3.3 1.01 12
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As shown in Table 6.10, the managerial skillset of many engineering occupations 

is considerably impacted by offsite construction. The top 5 impacted occupations in terms 

of managerial skillset include: (1) construction managers; (2) project management 

professionals; (3) field coordination and interface management personnel; (4) 

constructability professionals; and (5) planning and control professionals.

6 .5 .7 .3 . P r io r i t i z a t i o n  o f  t h e  im p a c te d  o c c u p a t io n s .  Similar to the prioritization 

of the engineering workforce, the A-means clustering algorithm was used to prioritize the 

construction workforce occupations. The obtained results are shown in Figure 6.6.

Figure 6.6 Obtained clustering results for the prioritization of the construction workforce
occupations.
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F ig u re  6 .6  re f le c ts  th a t  c o n s tru c tio n  c o m p a n ie s  sh a ll in v e s t  c o n s id e ra b le  re so u rc e s  

in  t ra in in g  a n d  d e v e lo p in g  th e  fo llo w in g  p r io r it iz e d  c o n s tru c tio n  o c c u p a tio n s  in  r e la tio n  to  

th e  o ffs ite  c o n s tru c tio n  sk illse t: c o n s tru c tio n  m a n a g e rs ;  f ie ld  c o o rd in a tio n  a n d  in te r fa c e  

m a n a g e m e n t p e rso n n e l;  c o n s tru c ta b il i ty  p ro fe s s io n a ls ;  s ta r t-u p , te s t in g , an d  

c o m m is s io n in g  p e rso n n e l;  p la n n in g  a n d  c o n tro l p ro fe s s io n a ls ;  lo g is t ic s  p ro fe s s io n a ls ;  

p ro c u re m e n t p ro fe s s io n a ls ;  p ro je c t  m a n a g e m e n t p ro fe s s io n a ls ;  sp e c ia liz e d  lif ts  a n d  h e a v y  

h a u l p ro fe s s io n a ls ;  q u a li ty  a s su ra n c e  a n d  q u a li ty  c o n tro l p ro fe s s io n a ls ;  m a te r ia ls  

m a n a g e m e n t p ro fe s s io n a ls ;  su p e rin te n d e n ts ;  a n d  fo re m e n .

6 .5 .8 . T h e  I m p a c t  o f  O f f s i te  C o n s t r u c t io n  o n  th e  A d m in i s t r a t i v e  W o r k f o r c e .  

T h is  s u b se c tio n  p ro v id e s  th e  re s u lts  a n d  a s so c ia te d  a n a ly s is  in  re la tio n  to  th e  c o lle c te d  d a ta  

fo r  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  te c h n ic a l  a n d  m a n a g e ria l  sk ills  o f  th e  

a d m in is tra t iv e  w o rk fo rc e .

6 .5 .8 .1 . I m p a c t  o n  te c h n ic a l  s k il ls e t .  F o r  th e  im p a c t  o n  th e  te c h n ic a l s k il lse t  o f  th e  

a d m in is tra t iv e  w o rk fo rc e , th e  o b ta in e d  C ro n b a c h ’s A lp h a  is  0 .9 4 6  w ith  a  9 5 %  c o n fid e n c e  

in te rv a l o f  [0 .9 2 9 , 0 .9 6 ], a n d  th e  o b ta in e d  IC C  is  0 .9 3 6  w ith  a  9 5 %  c o n fid e n c e  in te rv a l o f  

[0 .8 8 , 0 .9 7 ].

S in c e  th e  o b ta in e d  C ro n b a c h ’s A lp h a  c o e ff ic ie n t  is  h ig h e r  th a n  0 .7 5 , i t  c o u ld  b e  

c o n c lu d e d  th a t  th is  p a r t  o f  th e  su rv e y  is  v a lid  a n d  re lia b le  (C h r is tm a n n  a n d  A e ls tb , 2 0 0 6 ). 

A lso , s in c e  th e  o b ta in e d  IC C  is  g re a te r  th a n  0 .7 5 , i t  c o u ld  b e  c o n c lu d e d  th a t  th e re  is  an  

e x c e lle n t  a g re e m e n t a n d  c o n s is te n c y  b e tw e e n  th e  100 s u rv e y e d  in d u s try  p ra c tit io n e rs  

(C ic c h e tti  a n d  S p a rro w , 1 9 8 1 ) o n  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  te c h n ic a l sk il lse t  

o f  th e  a d m in is tra tiv e  w o rk fo rc e . T h e  o b ta in e d  re s u lts  a re  sh o w n  in  T a b le  6 .1 1 .
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T a b le  6 .11  R e s u lts  fo r  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  te c h n ic a l s k il ls e t  f o r  th e
a d m in is tra t iv e  w o rk fo rc e .

A d m in is tra tiv e  o c c u p a tio n s M e a n Stan .
dev .

R a n k

P ro je c t  e x e c u tiv e  p ro fe s s io n a ls 3 .0 4 0 .95 9
L e g a l a n d  c o n tra c t  p ro fe s s io n a ls 3 .0 2 0 .9 9 10
E n v iro n m e n ta l , g ree n , a n d  s u s ta in a b ili ty  p ro fe s s io n a ls 3 .15 0 .9 9 6
P ro je c t  f in a n c e  p ro fe s s io n a ls 2 .9 2 0 .9 2 13
P e rm itt in g  a n d  re g u la tio n  p ro fe s s io n a ls 3 .1 4 0 .9 2 7
R is k  m a n a g e m e n t p ro fe s s io n a ls 3 .25 0 .88 4
S a les , o p e ra tio n s , te c h n o lo g y , a n d  c o n s tru c tio n  (S O T C ) 
p ro fe s s io n a ls

3 .01 0 .8 7 11

O w n e r 's  re p re s e n ta tiv e 3 .2 2 0 .8 2 5
S u b -c o n tra c to r(s )  a d m in is tra t io n  p e rso n n e l 2 .9 2 0 .9 12
M a rk e tin g  a n d  b u s in e s s  d e v e lo p m e n t p ro fe s s io n a ls 2 .83 0 .9 7 14
H u m a n  re s o u rc e s  (H R ) p ro fe s s io n a ls 2 .6 2 0 .95 16
P ro je c t  c o n tro ls  p ro fe s s io n a ls 3 .3 9 0.91 3
C o m p u te r  a n d  in fo rm a tio n  te c h n o lo g y  (IT ) p ro fe s s io n a ls 3 .53 0 .9 9 1
In su ra n c e  p ro fe s s io n a ls 2 .7 7 0.91 15
A d v a n c e d  w o rk  p a c k a g in g  (A W P ) p ro fe s s io n a ls 3 .5 2 1.01 2
D o c u m e n t c o n tro l p ro fe s s io n a ls 3 .0 8 0 .9 9 8

A s  sh o w n  in  T a b le  6 .1 1 , th e  te c h n ic a l s k il lse t  o f  m a n y  a d m in is tra t iv e  o c c u p a tio n s  

is  c o n s id e ra b ly  im p a c te d  b y  o f fs ite  c o n s tru c tio n . T h e  to p  5 im p a c te d  o c c u p a tio n s  in  te rm s  

o f  te c h n ic a l s k il lse t  in c lu d e :  ( 1 )  c o m p u te r  a n d  in fo rm a tio n  te c h n o lo g y  ( IT )  p ro fe s s io n a ls ;  

(2 )  a d v a n c e d  w o rk  p a c k a g in g  (A W P ) p ro fe s s io n a ls ;  (3 )  p ro je c t  c o n tro ls  p ro fe s s io n a ls ;  (4 ) 

r is k  m a n a g e m e n t p ro fe s s io n a ls ;  a n d  (5 ) o w n e r 's  rep re se n ta tiv e .

6 .5 .8 .2 . I m p a c t  o n  m a n a g e r i a l  s k il ls e t .  F o r  th e  im p a c t  o n  th e  a d m in is tra tiv e  

w o rk fo rc e ’s m a n a g e ria l  sk ills , th e  o b ta in e d  C ro n b a c h ’s A lp h a  is  0 .9 5 2  w ith  a  9 5 %  

c o n fid e n c e  in te rv a l o f  [0 .9 3 6 , 0 .9 6 4 ] , a n d  th e  o b ta in e d  IC C  is  0 .8 8 3  w ith  a  9 5 %  c o n fid e n c e  

in te rv a l o f  [0 .7 8 , 0 .9 5 ].

S in c e  th e  o b ta in e d  C ro n b a c h ’s A lp h a  c o e ff ic ie n t  is  h ig h e r  th a n  0 .7 5 , i t  c o u ld  b e  

c o n c lu d e d  th a t  th is  p a r t  o f  th e  su rv e y  is  v a lid  a n d  re lia b le  (C h r is tm a n n  a n d  A e ls tb , 2 0 0 6 ).
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S in c e  th e  o b ta in e d  IC C  is  g re a te r  th a n  0 .7 5 , i t  c o u ld  b e  c o n c lu d e d  th a t  th e re  is  an  e x c e lle n t  

a g re e m e n t/c o n s is te n c y  b e tw e e n  th e  100 su rv e y e d  in d u s try  p ra c tit io n e rs  (C ic c h e tti  an d  

S p a rro w , 1 9 8 1 ) o n  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  m a n a g e ria l  s k il lse t  o f  th e  

a d m in is tra t iv e  w o rk fo rc e . T h e  o b ta in e d  re s u lts  a re  sh o w n  in  T a b le  6 .1 2 .

A s  sh o w n  in  T a b le  6 .1 2 , th e  m a n a g e ria l  s k il lse t  o f  m a n y  a d m in is tra t iv e  o c c u p a tio n s  

is  c o n s id e ra b ly  im p a c te d  b y  o ffs ite  c o n s tru c tio n . T h e  to p  5 im p a c te d  o c c u p a tio n s  in  te rm s  

o f  m a n a g e ria l  s k il lse t  in c lu d e : (1 )  a d v a n c e d  w o rk  p a c k a g in g  (A W P ) p ro fe s s io n a ls ;  (2 ) 

o w n e r 's  re p re s e n ta tiv e ; (3 ) p ro je c t  e x e c u tiv e  p ro fe s s io n a ls ;  (4 )  p ro je c t  c o n tro ls  

p ro fe s s io n a ls ;  a n d  (5 )  r is k  m a n a g e m e n t p ro fe s s io n a ls .

T a b le  6 .1 2  R e s u lts  fo r  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  m a n a g e ria l  s k il lse t  fo r  th e
a d m in is tra t iv e  w o rk fo rc e .

A d m in is tra tiv e  o c c u p a tio n s M e a n Stan .
dev .

R a n k

P ro je c t  e x e c u tiv e  p ro fe s s io n a ls 3 .4 0 .9 6 3
L e g a l a n d  c o n tra c t  p ro fe s s io n a ls 3 .2 1.05 7
E n v iro n m e n ta l , g ree n , a n d  s u s ta in a b ili ty  p ro fe s s io n a ls 3 .1 6 1.02 8
P ro je c t  f in a n c e  p ro fe s s io n a ls 3 .05 1.01 11
P e rm itt in g  a n d  re g u la tio n  p ro fe s s io n a ls 3 .1 2 1.07 9
R is k  m a n a g e m e n t p ro fe s s io n a ls 3 .2 7 0 .9 7 5
S a les , o p e ra tio n s , te c h n o lo g y , a n d  c o n s tru c tio n  (S O T C ) 
p ro fe s s io n a ls

2 .9 9 0 .9 6 13

O w n e r 's  re p re s e n ta tiv e 3.41 0 .9 6 2
S u b -c o n tra c to r(s )  a d m in is tra t io n  p e rso n n e l 3 .0 6 0 .98 10
M a rk e tin g  a n d  b u s in e s s  d e v e lo p m e n t p ro fe s s io n a ls 2 .83 1.02 16
H u m a n  re s o u rc e s  (H R ) p ro fe s s io n a ls 2 .8 6 1.09 15
P ro je c t  c o n tro ls  p ro fe s s io n a ls 3 .3 6 1.01 4
C o m p u te r  a n d  in fo rm a tio n  te c h n o lo g y  (IT ) p ro fe s s io n a ls 3 .2 4 1.09 6
In su ra n c e  p ro fe s s io n a ls 2 .8 8 1.06 14
A d v a n c e d  w o rk  p a c k a g in g  (A W P ) p ro fe s s io n a ls 3 .43 1.02 1
D o c u m e n t c o n tro l p ro fe s s io n a ls 3 .01 1.07 12
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6 .5 .8 .3 . P r io r i t i z a t i o n  o f  t h e  im p a c te d  o c c u p a t io n s .  Similar to the prioritization 

of the engineering and construction workforce, the A-means clustering algorithm was used 

to prioritize the administrative workforce occupations where the first cluster includes 

occupations with a high overall impact, the second cluster includes occupations with a 

medium overall impact, and the third cluster includes occupations with a low overall 

impact. The obtained results are shown in Figure 6.7.

Figure 6.7 Obtained clustering results for the prioritization of the administrative
workforce occupations.

Figure 6.7 reflects that construction companies shall invest considerable resources 

in training and developing the following prioritized occupations in relation to the offsite
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c o n s tru c tio n  sk illse t: c o n s tru c tio n  m a n a g e rs ;  f ie ld  c o o rd in a tio n  a n d  in te r fa c e  m a n a g e m e n t 

p e rso n n e l;  c o n s tru c ta b il i ty  p ro fe s s io n a ls ;  s ta r t-u p , te s tin g , a n d  c o m m is s io n in g  p e rso n n e l; 

p la n n in g  a n d  c o n tro l p ro fe s s io n a ls ;  lo g is tic s  p ro fe s s io n a ls ;  p ro c u re m e n t p ro fe s s io n a ls ;  

p ro je c t  m a n a g e m e n t p ro fe s s io n a ls ;  sp e c ia liz e d  l if ts  a n d  h e a v y  h a u l p ro fe s s io n a ls ;  q u a lity  

a s su ra n c e  a n d  q u a li ty  c o n tro l p ro fe s s io n a ls ;  m a te r ia ls  m a n a g e m e n t p ro fe s s io n a ls ;  

su p e rin te n d e n ts ;  a n d  fo re m e n .

6 .6 . S U M M A R Y

T h is  se c tio n  o f  th e  d is s e r ta t io n  (1 )  q u a n tif ie d  th e  im p a c ts  o f  o f fs ite  c o n s tru c tio n  o n  

th e  sk ill se t o f  o n s ite  a n d  o f fs ite  w o rk fo rc e ; (2 ) e v a lu a te d  th e  im p a c ts  o f  o f fs i te  c o n s tru c tio n  

o n  th e  d e m a n d  fo r  th e  o n s ite  a n d  o f fs ite  w o rk fo rc e ; (3 ) a s se s se d  th e  im p a c ts  o f  o ffs ite  

c o n s tru c tio n  o n  th e  la b o r  c h a ra c te r is tic s ;  (4 ) q u a n tif ie d  th e  im p a c ts  o f  o f fs ite  c o n s tru c tio n  

o n  th e  te c h n ic a l  sk ill s e t o f  th e  id e n tif ie d  e n g in e e r in g , c o n s tru c tio n , a n d  a d m in is tra tiv e  

w o rk fo rc e  o c c u p a tio n s ; (5 )  e v a lu a te d  th e  im p a c ts  o f  o f fs ite  c o n s tru c tio n  o n  th e  m a n a g e ria l  

sk ill s e t fo r  e a c h  o n e  o f  th e  e n g in e e rin g , c o n s tru c tio n , a n d  a d m in is tra t iv e  w o rk fo rc e  

c a te g o rie s ; a n d  (6 ) p r io r it iz e d  th e  im p a c tio n s  o f  o f fs ite  c o n s tru c tio n  o n  th e  o v e ra ll 

e n g in e e r in g , c o n s tru c tio n , a n d  a d m in is tra t iv e  w o rk fo rc e  sk illse t.

6 .7 . C R E D I T

T h e  re s e a rc h  re p o r te d  in  th is  se c tio n  o f  th e  d is s e r ta tio n  (i.e ., S e c tio n  6 ) w a s  a 

c o lla b o ra tiv e ly  w o rk  c a rr ie d  th ro u g h  fu n d in g  p ro v id e d  b y  th e  C o n s tru c tio n  In d u s try  

In s ti tu te  (C II)  a t M is s o u r i  U n iv e rs i ty  o f  S c ie n c e  a n d  T e c h n o lo g y , P u rd u e  U n iv e rs ity , an d  

th e  U n iv e rs i ty  o f  A rk a n s a s  u n d e r  C II  R T -3 7 1 . T o  th is  en d , th e  c o lla b o ra to rs  ( Is la m  E l-



237

a d a w a y  a n d  R a y a n  H a s s a n e  A ss a a d  f ro m  M isso u r i  U n iv e rs i ty  o f  S c ien c e  a n d  T e c h n o lo g y , 

M a k a ra n d  H a s ta k  f ro m  P u rd u e  U n iv e rs ity , a n d  K im  L a S c o la  N e e d y  f ro m  th e  U n iv e rs i ty  

o f  A rk a n s a s )  a re  v e ry  th a n k fu l fo r  th e  f in a n c ia l  a n d  lo g is tic a l s u p p o rt p ro v id e d  b y  C II. 

A lso , th e  c o lla b o ra to rs  d e e p ly  a p p re c ia te  a n d  v a lu e  th e  e ffo r ts  a n d  th e  in s ig h tfu l  g u id a n c e  

p ro v id e d  b y  th e  C II  R T -3 7 1  in d u s try  te a m  m e m b e rs  w h o  o ffe re d  a  w e a lth  o f  k n o w le d g e  

a n d  re a l-w o rld  e x p e rie n c e  w ith  e x c e p tio n a l d e d ic a tio n . I t  is  w o r th  n o tin g  th a t  th e  re s e a rc h  

p re s e n t  in  th is  se c tio n  o f  th e  d is s e r ta t io n  d o e s  n o t  in c lu d e  th e  e n tire  re s e a rc h  e ffo r ts  

p e rfo rm e d  b y  th e  c o lla b o ra to rs  u n d e r  C II  R T -3 7 1 , b u t  r a th e r  i t  re p o r ts  a  p a r t  o f  th e  fu ll 

re s e a rc h  e ffo r ts  c o n d u c te d  b y  C II  R T -3 7 1 .

6 .8 . R E L A T E D  A P P E N D I X

A p p e n d ix  E  p re s e n ts  th e  e x p e rt-b a s e d  s u rv e y ’s p a r t  th a t  is  re la te d  to  th e  sc o p e  o f  

th is  se c tio n  o f  th e  d isse r ta tio n . I t  is  w o r th  m e n tio n in g  th a t  th e  e n tire  su rv e y  th a t  w a s  

d e v e lo p e d  b y  th e  R T -3 7 1  te a m  in c lu d e d  o th e r  q u e s tio n s  th a t  a re  n o t  p re s e n t  in  th is  

a p p e n d ix  b e c a u s e  th e y  w e re  n o t  p a r t  o f  th e  fo c u s  o f  th is  s e c tio n  o f  th e  d isse r ta tio n . T h e se  

o th e r  q u e s tio n s  a re  re la te d  to  a s se s s in g  th e  c u rre n t s ta te  o f  p ra c tic e  o f  o f fs ite  c o n s tru c tio n  

a n d  its  fu tu re  p ro sp e c ts  as  w e ll as s tu d y in g  th e  la b o r  p ro d u c tiv ity  fa c to rs  in  o f fs ite  

c o n s tru c tio n  p ro je c ts . In  a d d itio n , th e  R T -3 7 1  te a m  c o n d u c te d  se m i-s tru c tu re d  in te rv ie w s  

w ith  o f fs ite  c o n s tru c tio n  in d u s try  e x p e rts  a n d  c o lle c te d  b u s in e s s  c a se  s tu d ie s  f ro m  le a d in g  

n a tio n a l a n d  in te rn a tio n a l o f fs ite  c o n s tru c tio n  c o m p a n ie s . H o w e v e r , th e  c o lle c te d  

in fo rm a tio n  is  n o t  p re s e n t  o r  d is c u s s e d  in  th is  s e c tio n  o f  th e  d is s e r ta t io n  s in c e  i t  w a s  n o t 

p a r t  o f  th e  sc o p e  a n d  fo c u s  o f  th is  se c tio n  o f  th e  d isse r ta tio n .



238

7. C O N C L U S I O N

7 .1 . R E S E A R C H  S U M M A R Y

M o d e lin g  te c h n iq u e s  a n d  c o m p u ta tio n a l a n a ly tic s  h a v e  sh o w e d  g re a t  p o te n tia l  in  

s o lv in g  c ritic a l c h a lle n g e s  th a t  a re  fa c in g  th e  a g in g  in fra s tru c tu re  as  w e ll as  th e  

e n g in e e r in g , c o n s tru c tio n , a n d  te c h n o lo g y  in d u s try . In  r e la tio n  to  th a t, th is  d is se r ta tio n  

fo c u s e d  o n  p ro v id in g  a n d  d e v e lo p in g  in n o v a tiv e  m o d e ls , c o m p u ta tio n a l m e th o d s , an d  

a p p ro a c h e s  to  h e lp  in  s o lv in g  th e  fo llo w in g  th re e  c ritic a l is su e s  fa c e d  in  th e  in d u s try : (1 ) 

sa fe ty  h a z a rd  p o te n tia l  o f  d a m  in fra s tru c tu re s ;  (2 )  e n g in e e r in g  a n d  c o n s tru c tio n  o p e ra tio n s  

in c lu d in g  p ro je c t  p e rfo rm a n c e  ( s c h e d u le  a n d  tim e ) , c o n s tru c tio n  p ro d u c tiv ity , an d  

fa ta li tie s ;  (3 )  a n d  le v e ra g in g  o f  o f fs ite  c o n s tru c tio n  m e th o d s  a n d  te c h n o lo g ie s  th ro u g h  

p ro p e r  tra in in g  a n d  p r io r it iz a t io n  o f  w o rk fo rc e  d e v e lo p m e n t p ro g ra m s  to  th e  d if fe re n c e  

w o rk fo rc e  o c c u p a tio n s . In  re la tio n  to  th a t, th e  re s e a rc h  su m m a ry  o f  th is  d is s e r ta t io n s  is  

p ro v id e d  in  th e  b e lo w  p a ra g ra p h s .

F irs t , b e c a u s e  v isu a l fo rm a l in sp e c tio n  re q u ire s  a  h u g e  e ffo rt, lo n g  tim e , h ig h  cost, 

a n d  e v e n  su b s ta n tia l  d a n g e r, th e  r e c e n t  a v a ila b il ity  o f  d a m  d a ta  o p e n s  u n p re c e d e n te d  

o p p o r tu n itie s  to  a r tif ic ia l in te ll ig e n c e  a lg o r i th m s  a n d  d a ta  a n a ly tic s  fo r  b e tte r  e v a lu a tio n  

a n d  p re d ic tio n  o f  th e  h a z a rd  p o te n tia l  lev e l o f  d am s. In  re la tio n  to  th a t, th is  d is s e r ta tio n  

re f le c te d  th a t  a r tif ic ia l in te ll ig e n c e  m e th o d s  h a v e  p ro m is in g  c a p a b ili t ie s  in  d e v is in g  a  d a ta -  

d r iv e n  f ra m e w o rk  o r  d e c is io n  s u p p o rt to o l th a t  is  v a lu a b le  fo r  d a m  o w n e rs  a n d  a u th o r itie s  

to  e v a lu a te  a n d  p re d ic t  th e  h a z a rd  p o te n tia l  lev e l o f  th e ir  d a m s  w ith  g o o d  a c c u ra c y  w h ile  

m in im iz in g  th e  e ffo rt, t im e , a n d  c o s ts  a s so c ia te d  w ith  fo rm a l in sp e c tio n  o f  th e  d a m s. T h e  

p ro v id e d  c o n c lu s io n s  a lso  o ffe re d  in s ig h ts  o n  th e  fa c to rs  a ffe c tin g  th e  h a z a rd  p o te n tia l  o f
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d a m s  in  th e  U S . T h is  e m p o w e rs  th e  a s so c ia te d  a g e n c ie s  a n d  a u th o r itie s  to  d ire c t th e ir  

e ffo r ts  to w a rd  a m e lio ra tin g  th e s e  c ritic a l fa c to rs  fo r  c u rre n t  d am s, i f  p o s s ib le , o r  u ltim a te ly  

fo r  fu tu re  d am s. A s  su ch , th is  w ill  h e lp  in  fo s te r in g  a  p ro p e r  a n d  m o re  e ffe c tiv e  d is tr ib u tio n  

a n d  a llo c a tio n  o f  fu n d s  fo r  th e  m a n a g e m e n t a n d  re p a ir  o f  d am s. F u r th e r , th is  d is s e r ta tio n  

p ro v id e d  th a t  b e c a u s e  n o  c o n s id e ra b le  c o s t is  g e n e ra lly  a s so c ia te d  w ith  th e  u s e  o f  a rtif ic ia l 

in te ll ig e n c e  m e th o d s  a n d  b e c a u s e  c o n s id e ra b le  t im e  sa v in g s  a re  e n te r ta in e d  as w e ll, 

a g e n c ie s  a n d  a u th o r i tie s  re s p o n s ib le  fo r  th e  m a n a g e m e n t o f  d a m s  a re  re c o m m e n d e d  to  

u t i l iz e  su c h  m e th o d s  as a  f ir s t  re c o u rs e  fo r  th e  p re d ic tio n  o f  h a z a rd  p o te n tia l  o f  th e ir  d a m s 

as w e ll as th e  c o n d itio n s  o f  th e ir  in fra s tru c tu re  sy s te m s.

S eco n d , th is  d is s e r ta t io n  p re s e n te d  a  h o lis t ic  m o d e l to  p re d ic t  p ro je c t  p e rfo rm a n c e . 

T h e  m o d e l fo re c a s ts  tw o  p re v a ilin g  in d ic a to rs :  c o s t  a n d  sc h e d u le  o v e rru n s . T h e  d e v e lo p e d  

m o d e l a llo w s  p ro je c t  a d m in is tra to rs  to  p re d ic t  th e  p e rfo rm a n c e  o f  c o n s tru c tio n  p ro je c ts  

b a s e d  o n  25  p ro je c t  r isk s  th a t  a re  re tr ie v e d  f ro m  th e  l i te ra tu re  a n d  th a t  h a v e  sh o w n  to  b e  

th e  m o s t  im p o r ta n t  b a s e d  o n  a  m e ta -a n a ly s is  o f  th e  l ite ra tu re . T h e  m o d e l p re s e n ts  e x p lic it  

e q u a tio n s  th a t  c o u ld  b e  u s e d  to  fo re c a s t  th e  p ro je c t  p e rfo rm a n c e  in  te rm s  o f  c o s t an d  

sc h e d u le  a n d  a  se t o f  g ra p h s  th a t  c o u ld  b e  a d o p te d  as an  a lte rn a tiv e  m e th o d  fo r  e s tim a tin g  

p ro je c t  p e rfo rm a n c e  to  m in im iz e  th e  c o m p u ta tio n a l e ffo rts . In  a d d itio n , u s in g  n u m e ric a l 

e x a m p le s  o f  a  h y p o th e tic a l  c a se  s tu d y , th e  p ro p o se d  m o d e l r e f le c te d  i ts  p ra c tic a li ty  an d  

re l ia b ili ty  in  p re d ic tin g  p ro je c t  p e rfo rm a n c e . F u r th e r , th is  d is s e r ta tio n  a im s  to  t r ig g e r  

p ro je c t  s ta k e h o ld e rs  to  in c lu d e  th e  c o n s id e re d  2 5  p ro je c t  r isk s , th a t  a ffe c t  th e  p ro je c t 

p e rfo rm a n c e  in  th e  c o n s tru c tio n  in d u s try , in  th e ir  s ta n d a rd  p ro je c t  a s se s s m e n t e n d e av o rs . 

D o in g  so  w ill  n o t  o n ly  h e lp  im p ro v e  th e  p e rfo rm a n c e  o f  p ro je c ts  b u t  w ill  e n a b le  g a th e r in g  

c o m p re h e n s iv e  d a ta  o n  th e  fo re c a s te d  a n d  a c tu a l o v e rru n s — an  o p tim a l m e th o d  fo r  f in e -
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tu n in g  th e  m o d e l to  b e tte r  re f le c t  c o n s tru c tio n  p ro je c ts . In  a d d itio n , th e  d e v e lo p e d  m o d e l 

a llo w s  d e c is io n  m a k e rs  to  ta k e  t im e ly  c o rre c tiv e  a c tio n s  a n d  a sse ss  th e  im p a c ts  o f  su ch  

a c tio n s . U lt im a te ly , d o in g  so  w ill  a s s is t  in  e n s u rin g  m o re  e f fe c tiv e  a n d  e ff ic ie n t d e liv e ry  

a n d  e x e c u tio n  o f  p ro je c ts .

T h ird , b a s e d  o n  th e  f in d in g s  o f  th is  d is se r ta tio n , i t  w a s  c o n c lu d e d  th a t  (1 )  th e  n e w  

c o n c e p t o f  g ro s s  c o n s tru c tio n  p ro d u c tiv ity  is  s ta tis t ic a lly  ju s t i f ie d  a n d  sh o u ld  b e  

im p le m e n te d  in  th e  c o n s tru c tio n  in d u s try , b e c a u s e  th is  d is s e r ta tio n  re f le c te d  s ta tis tic a l 

s ig n if ic a n t  c a u sa lit ie s  b e tw e e n  th e  p ro d u c tiv ity  o f  th e  c o n s tru c tio n  in d u s try  a n d  d if fe re n t 

d y n a m ic  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s ;  (2 )  g ro ss  c o n s tru c tio n  p ro d u c tiv ity  is 

a d d itio n a l v a lu a b le  in fo rm a tio n  th a t  c o n s tru c tio n  c o m p a n ie s  sh o u ld  c o n s id e r  to  m a k e  

d if fe re n t  in s ig h tfu l a n d  w e ll-e d u c a te d  in d u s try -re la te d  d e c is io n s ; (3 )  th e  h e a lth  o f  th e  

c o n s tru c tio n  in d u s try  n e e d s  to  b e  s tu d ie d  b a s e d  o n  th e  p ro d u c tiv ity  o f  th e  in d u s try  as a 

w h o le  a n d  n o t  o n ly  b a s e d  o n  la b o r  p ro d u c tiv ity  a lo n e ; a n d  (4 )  th e  c o n s tru c tio n  in d u s try  

sh o u ld  m o v e  to w a rd  th e  d e v e lo p m e n t o f  a  n o tio n  o f  a  g ro s s  c o n s tru c tio n  p ro d u c tiv ity  

in d ic a to r  u s e d  to  m e a su re , e v a lu a te , a n d  p re d ic t  th e  p e rfo rm a n c e  o f  th e  e n tire  in d u s try . 

U lt im a te ly , th is  d is s e r ta tio n  p ro p o se d  a  n e w  in d ic a to r  o r  in d e x  fo r  g ro ss  c o n s tru c tio n  

p ro d u c tiv ity .

F o u r th , th is  d is s e r ta t io n  p ro v id e d  an  a d d itio n a l d im e n s io n  to  th e  tra d itio n a l  a n a ly s is  

o f  sa fe ty  a c c id e n ts  b y  e x a m in in g  p o s s ib le  a s so c ia tio n s  a n d  c o m b in a tio n s  b e tw e e n  d if fe re n t 

c a u se s  o f  fa ta li t ie s  o n  c o n s tru c tio n  jo b s ite s . M o re  sp e c if ic a lly , th is  d is s e r ta t io n  c a te g o riz e d  

th e  f a ta li ty  c a u se s  in to  f iv e  m a in  c lu s te rs  a n d  id e n tif ie d  th e  m a in  in d iv id u a l c a u se s  th a t  le a d  

to  fa ta li tie s  in  th e  c o n s tru c tio n  in d u s try  w ith in  e a c h  c lu s te r  as w e ll  as th e  c ritic a l 

c o m b in a tio n s  o f  c a u se s  th a t  c o u ld  le a d  to  a  fa ta l a c c id e n t. In  re la tio n  to  th a t, th e  e m p h a s is
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w a s  m a in ly  o n  th e  c o m b in a tio n s  o f  c a u se s  th a t  r e s u lt  in  fa ta li tie s  in  th e  c o n s tru c tio n  

in d u s try . I t  w a s  c o n c lu d e d  a lso  th a t  sa fe ty  m a n a g e rs  a n d  su p e rv iso rs  sh a ll fo c u s  o n  th e  

id e n tif ie d  re la tio n s h ip s  th a t  c a n  se rv e  as an  e a rly  w a rn in g  su c h  th a t  i f  so m e  o f  th e s e  c a u se s  

a re  se en  o n  th e  c o n s tru c tio n  s ite , th e n  a  fa ta l a c c id e n t is  v e ry  l ik e ly  to  h a p p e n . T h a t  sa id , 

b y  fo c u s in g  o n  th e  c a u se s  as c o m b in a tio n s , r a th e r  th a n  as  s im p le  e v e n ts , a n d  u n d e rs ta n d in g  

th e  s tre n g th  o f  th e ir  re la tio n sh ip s , th is  d is s e r ta t io n  p ro v id e d  a  p ro a c tiv e  a p p ro a c h  th a t  can  

h e lp  sa fe ty  p ra c ti t io n e rs  d e c id e  o n  c o u n te rm e a s u re s  to  a d d re s s  th e  c o m b in a tio n s  o f  cau ses . 

T h is  w o u ld  u lt im a te ly  r e s u l t  in  a  m o re  e ffe c tiv e  a n d  e f f ic ie n t  p re v e n tio n  o f  fa ta l a c c id e n ts  

o n  c o n s tru c tio n  sites . F u r th e rm o re , th e  re su lts  o f  th is  d is s e r ta t io n  c a n  b e  a p p lie d  in  th e  

sa fe ty  m a n a g e m e n t p ra c tic e  in  rea l c o n s tru c tio n  s ite s  th ro u g h  th e  d e v e lo p m e n t o f  d a ta -  

d r iv e n  a c c id e n t c a u sa tio n  sy s te m s. T h e se  sy s te m s  a re  m o d e ls  th a t  a ttr ib u te  a c c id e n ts  to  

m a n y  c o n tr ib u to ry  fa c to rs , c a u se s , a n d  su b -c a u se s  b y  e s ta b lis h in g  th a t  c o m b in a tio n s  of, 

a n d  n o t  o n ly  in d iv id u a l, fa c to rs  g iv e  r is e  to  a c c id e n ts  (R a o u f, 2 0 2 0 ).

F if th , th e  f in d in g s  o f  th is  d is s e r ta tio n s  sh o w e d  th a t  th e  sk illse ts  f o r  all o f fs ite  an d  

o n s ite  w o rk fo rc e  o c c u p a tio n s  n e e d  to  b e  u p s k il le d  ra th e r  th a n  re sk ille d , th e  w o rk fo rc e  

m a rk e t  fo r  th e  o f fs ite  c o n s tru c tio n  w o rk fo rc e  w ill  p ro sp e r , a n d  th e  d e m a n d  fo r  m o s t  o f  th e  

o n s ite  w o rk fo rc e  o c c u p a tio n s  w ill  d e c re a se  d u e  to  th e  e x p e c te d  in c re a s e  in  th e  u s e  o f  o f fs ite  

c o n s tru c tio n  in  th e  fu tu re . T h e  f in d in g s  a lso  re f le c te d  th a t  c o m p a n ie s  a n d  in d u s try  

p ra c tit io n e rs  sh a ll p r io r it iz e  th e ir  tra in in g  p ro g ra m s  a n d  p la n s  fo r  th e  fo llo w in g  o ffs ite  

w o rk fo rc e  o c c u p a tio n s :  (1 ) c o m p u te r-a id e d  m a n u fa c tu r in g  (C A M ) a n d  in fo rm a tio n  

m o d e lin g  p ro fe s s io n a ls ;  (2 )  a s se m b ly , fa b r ic a tio n , a n d  p ro d u c tio n  p e rso n n e l;  (3 )  p la n n e rs , 

e x p e d ito rs , fa c ili ta to rs , s e q u e n c e  m a n a g e m e n t, a n d  su p p ly  c h a in  p e rso n n e l;  (4 )  te c h n o lo g y  

a n d  c o n f ig u ra tio n  sp e c ia lis ts ;  a n d  (5 )  in s tru m e n ta t io n  a n d  c o n tro ls  p e rso n n e l;  as  w e ll  as fo r
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th e  fo llo w in g  o n s ite  w o rk fo rc e  o c c u p a tio n s : (1 )  o f fs ite  m o d u le s /c o m p o n e n ts  in s ta lla tio n  

a n d  se t-u p  p e rso n n e l;  (2 )  lif tin g , c ra n e s , h o is tin g , r ig g in g , a n d  s ig n a l p e rso n n e l;  (3 ) 

in s tru m e n ta t io n  a n d  c o n tro l p e rso n n e l;  (4 ) e le c tr ic a l p e rso n n e l;  a n d  (5 ) e q u ip m e n t 

o p e ra to rs . A lso , re s e a rc h  o u tc o m e s  sh o w e d  th a t  o f fs ite  c o n s tru c tio n  c o u ld  c re a te  

o p p o r tu n itie s  a n d  c h a lle n g e s  a lik e  fo r  th e  w o rk fo rc e . O n  th e  o p p o r tu n itie s  s id e , o f fs ite  

c o n s tru c tio n  is  e x p e c te d  to  y ie ld  h ig h e r  c o m p e n sa tio n , im p ro v e d  jo b  se c u rity , re d u c e d  

fa tig u e , fe w e r  re w o rk , g re a te r  p ro d u c tiv ity , h ig h e r  le a rn in g  ra te , b e t te r  w o rk in g  c o n d itio n s , 

e n h a n c e d  q u a lity , a n d  im p ro v e d  s a fe ty  a n d  h e a lth , a m o n g  m a n y  o th e rs . H o w e v e r , o n  th e  

c h a lle n g e s  s id e , o f fs ite  c o n s tru c tio n  c o u ld  re s u lt  in  lo n g e r  c a re e r  p a th  p ro g re s s io n , h ig h e r  

c o s t  o f  t ra in in g  a n d  d e v e lo p m e n t, a n d  d isp la c e m e n t o f  lo ca l w o rk e rs , a m o n g  o th e rs . T h e  

f in d in g s  sh o w e d  th a t  th e  sk illse ts  o f  a ro u n d  4 4 %  o f  th e  e n g in e e r in g  w o rk fo rc e  o c c u p a tio n s , 

o f  a ro u n d  8 1 %  o f  th e  c o n s tru c tio n  w o rk fo rc e  o c c u p a tio n s , a n d  o f  a ro u n d  3 8 %  o f  th e  

a d m in is tra t iv e  w o rk fo rc e  o c c u p a tio n s  a re  h ig h ly  im p a c te d  b y  o ffs ite  c o n s tru c tio n . T h e  

o u tc o m e s  a lso  re f le c te d  th a t  c o m p a n ie s  a n d  in d u s try  p ra c ti t io n e rs  sh a ll p r io r it iz e  th e ir  

t ra in in g  p ro g ra m s  a n d  p la n s  fo r  th e  fo llo w in g  (1 )  e n g in e e r in g  w o rk fo rc e  o c c u p a tio n s : B IM  

a n d  3 D /4 D /n D  in fo rm a tio n  m o d e lin g  a n d  re n d e r in g , m e c h a n ic a l e n g in e e rs , q u a lity  

a s su ra n c e  a n d  q u a li ty  c o n tro l e n g in e e rs , p la n n in g  e n g in e e rs , e le c tr ic a l e n g in e e rs , s p e c ia lty  

e n g in e e rs , c o s t e s tim a tio n  e n g in e e rs , a n d  p ro je c t  p r in c ip a ls /d ire c to rs ;  (2 )  c o n s tru c tio n  

w o rk fo rc e  o c c u p a tio n s : c o n s tru c tio n  m a n a g e rs ;  f ie ld  c o o rd in a tio n  a n d  in te r fa c e  

m a n a g e m e n t p e rso n n e l;  c o n s tru c ta b il i ty  p ro fe s s io n a ls ;  s ta r t-u p , te s tin g , an d  

c o m m is s io n in g  p e rso n n e l;  p la n n in g  a n d  c o n tro l p ro fe s s io n a ls ;  lo g is t ic s  p ro fe s s io n a ls ;  

p ro c u re m e n t p ro fe s s io n a ls ;  p ro je c t  m a n a g e m e n t p ro fe s s io n a ls ;  sp e c ia liz e d  lif ts  a n d  h e a v y  

h a u l p ro fe s s io n a ls ;  q u a lity  a s su ra n c e  a n d  q u a lity  c o n tro l p ro fe s s io n a ls ;  m a te r ia ls
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m a n a g e m e n t p ro fe s s io n a ls ;  su p e rin te n d e n ts ;  a n d  fo re m e n ; a n d  (3 )  a d m in is tra tiv e  

w o rk fo rc e  o c c u p a tio n s : c o m p u te r  a n d  in fo rm a tio n  te c h n o lo g y  (IT )  p ro fe s s io n a ls ;  a d v a n c e d  

w o rk  p a c k a g in g  (A W P ) p ro fe s s io n a ls ;  p ro je c t  c o n tro ls  p ro fe s s io n a ls ;  r is k  m a n a g e m e n t 

p ro fe s s io n a ls ;  o w n e r ’s re p re se n ta tiv e ; a n d  p ro je c t  e x e c u tiv e  p ro fe s s io n a ls .

7 .2 . R E S E A R C H  C O N T R I B U T I O N S

T h e  re s e a rc h  p e rfo rm e d  in  th is  d is s e r ta tio n  h a s  m a n y  c o n tr ib u tio n s  an d  

im p lic a tio n s . In  fa c t ,  th is  re s e a rc h  is  u n iq u e  c o m p a re d  to  p re v io u s  re la te d  re s e a rc h  w ith  

r e s p e c t  to  fo cu s , p u rp o se , a n d  m e th o d s . In  r e la tio n  to  th a t, th e  c o n tr ib u tio n s  o f  th is  re se a rc h  

c o u ld  b e  e ith e r  c o n s id e re d  c o lle c tiv e ly  o r  b a s e d  o n  e a c h  in d iv id u a l s e c tio n  o f  th e  

d is s e r ta tio n  b y  its  o w n . In  o th e r  w o rd s , e a c h  se c tio n  in  th is  d is s e r ta tio n  p o s s e s s e s  i ts  o w n  

re c o g n iz a b le  a n d  d is t in g u is h a b le  in te lle c tu a l a n d  m e th o d o lo g ic a l m e r i ts  (m e a n in g , 

c o n tr ib u tin g  to  th e  in f ra s tru c tu re  a n d  c o n s tru c tio n  m a n a g e m e n t b o d y  o f  k n o w le d g e )  as w e ll 

as p ra c tic a l m e r i ts  (m e a n in g , p ra g m a tic  a p p lic a t io n  in  th e  in d u s try ) . A lso , a ll s e c tio n s  o f  

th e  d is s e r ta tio n  c o lle c tiv e ly  sh a re  th e  a ll-e n c o m p a s s in g  o r  o v e ra rc h in g  c o n tr ib u tio n  o f  

p ro v id in g  in n o v a tiv e  m a n a g e m e n t a n d  m o d e lin g  a p p ro a c h e s  to  h e lp  a d d re s s in g  th e  

e m e rg in g  c h a lle n g e s  th a t  a re  fa c e d  b y  th e  in d u s try . T o  th is  en d , th e  fo llo w in g  p a ra g ra p h s  

h ig h lig h t  th e  in te lle c tu a l a n d  m e th o d o lo g ic a l m e r i ts  o r  c o n tr ib u tio n s  o f  e a c h  se c tio n  o f  th e  

d is s e r ta tio n  as w e ll as  th e  p ra c tic a l in d u s try  m e r i ts /c o n tr ib u tio n s .

S e c tio n  2  -  S u p e rv ise d  C o m p u ta tio n a l A r tif ic ia l  In te l lig e n c e  M o d e l fo r  th e  

E v a lu a tio n  a n d  P re d ic t io n  o f  th e  H a z a rd  P o te n tia l  L e v e l o f  D a m  In fra s tru c tu re s :  T h e  

in te lle c tu a l m e r its  a n d  m e th o d o lo g ic a l  c o n tr ib u tio n s  o f  th is  se c tio n  lie  in  th e  fa c t  th a t  th is  

re s e a rc h  is  a m o n g  th e  v e ry  fe w  sc h o la r ly  e ffo r ts  ( i f  an y )  th a t  tr ie d  to  le v e ra g e  th e  re c e n t
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a d v a n c e m e n ts  in  c o m p u ta tio n a l a n d  m a c h in e  le a rn in g  m e th o d s  fo r  a  b e tte r  m a n a g e m e n t 

a n d  a d m in is tra t io n  o f  d am  in fra s tru c tu re s  in  th e  U S , e sp e c ia lly  as  re la te d  to  th e ir  h a z a rd  

p o te n tia l  lev e l. In  o th e r  w o rd s , m o s t  o f  th e  m e th o d o lo g ie s  in  th e  p re v io u s  re s e a rc h  e ffo r ts  

fo c u s e d  o n  o n e  sp e c ia l s tru c tu ra l o r  g e o te c h n ic a l b e h a v io ra l  a s p e c t  o f  d a m s  w h ile  

d is re g a rd in g  th e  im p o r ta n t  p o te n tia l  h a z a rd  a sp ec t. A s  su ch , th is  se c tio n  b r id g e d  th is  

k n o w le d g e  g a p  b y  d e v e lo p in g  a  n o v e l m e th o d o lo g y , b a s e d  o n  a r tif ic ia l in te ll ig e n c e  

a lg o r ith m s , th a t  c a n  b e  a d o p te d  q u ic k ly  a n d  e a s ily  to  p ro v id e  a c c u ra te  fo re c a s ts  fo r  th e  

h a z a rd  p o te n tia l  lev e l o f  d a m s  in  th e  U S . In  a d d itio n , th is  is  th e  f ir s t  re se a rc h  w o rk  th a t  

re lie s  o n  a  m e th o d o lo g y  th a t  e n su re s  th a t  th e re  w a s  n o  d a ta  le a k a g e  w h e n  tra in in g  an d  

v a lid a tin g  th e  d e v e lo p e d  m o d e l. M o re o v e r , th e  p ro v id e d  m o d e l w a s  e v a lu a te d  o n  u n s e e n  

d a m s ’ d a ta , a n d  i t  re p o r te d  a  re la tiv e  h ig h  p re d ic tio n  a c c u ra c y , w h ic h  re f le c ts  i ts  ro b u s tn e s s  

in  m a k in g  g e n e ra liz e d  p re d ic tio n s  to  an y  n e w  d am s. T h e  m e th o d o lo g ic a l c o n tr ib u tio n s  a re  

a lso  re f le c te d  b y  th e  fa c t  th a t  th e  fo llo w e d  a p p ro a c h  p ro v id e d  a  p re d ic tio n  a c c u ra c y  

p e rc e n ta g e  th a t  is  c o n s id e ra b ly  h ig h e r  th a n  th a t  o b ta in e d  in  p re v io u s  re s e a rc h  w o rk s  th a t  

fo c u s e d  o n  d if fe re n t  a sp e c ts  o f  d am s. A s  fo r  th e  p ra c tic a l m e r i ts  a n d  c o n tr ib u tio n s  o f  th is  

se c tio n , th e y  a re  r e f le c te d  b y  e q u ip p in g  d a m  o w n e rs  a n d  a u th o r itie s  w ith  a  v a lu a b le  d a ta -  

d r iv e n  f ra m e w o rk  th a t  c o u ld  h e lp  d a m  re g u la to ry  o rg a n iz a tio n s  to  e v a lu a te  a n d  p re d ic t  th e  

h a z a rd  p o te n tia l  lev e l o f  th e ir  d a m s  w ith  a  g o o d  a c c u ra c y  w h ile  m in im iz in g  th e  e ffo r ts , 

tim e , a n d  c o s ts  a s so c ia te d  w ith  th e  n e e d e d  p e r io d ic  fo rm a l in sp e c tio n s  o f  th e  d a m s  b y  

a u th o r iz e d  e n g in e e rs . M o re  sp e c if ic a lly , th is  se c tio n  a tte m p te d  to  a d d re s s  th e  d e fic ie n c y  

in  re so u rc e s , fu n d in g , a n d  s ta f f  b y  d e v e lo p in g  a  d e c is io n  su p p o rt to o l th a t  c o u ld  b e  u s e d  b y  

U S  d a m  a u th o r i tie s  to  h e lp  m in im iz e  th e  d if f ic u ltie s  fa c e d  in  r e la tio n  to  c o n d u c tin g  d am  

sa fe ty  in sp e c tio n s . T h e  p ro p o se d  d e c is io n  su p p o rt to o l is  e a sy  to  im p le m e n t, d o e s  n o t
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re q u ire  su b s ta n tia l  in v e s tm e n ts , a n d  d o e s  n o t  n e e d  c o n s id e ra b le  t im e  to  re p o r t  th e  d a m ’s 

h a z a rd  lev e l. T o  th is  en d , th e  d e v e lo p e d  d e c is io n  to o l in  th is  s e c tio n  is  b e lie v e d  to  b e  u n iq u e  

b e c a u s e  th e re  is  n o  s im ila r  f ra m e w o rk  p re s e n t  in  th e  l ite ra tu re . In  a d d itio n , th e  d e v e lo p e d  

d e c is io n  to o l c o u ld  b e  a p p lie d  to  an y  d a m  in  th e  U S  as i t  is  n o t  sp e c if ic  to  an y  U S  sta te .

S e c tio n  3 -  M a th e m a tic a l a n d  R is k  M o d e l fo r  th e  P re d ic t io n  o f  P ro je c t  P e r fo rm a n c e  

in  th e  C o n s tru c tio n  In d u s try :  T h e  in te lle c tu a l m e r its  a n d  m e th o d o lo g ic a l c o n tr ib u tio n s  o f  

th is  se c tio n  a re  r e f le c te d  b y  th e  n o v e lty  o f  th e  fo llo w e d  m e th o d o lo g y  fo r  p re d ic tin g  t im e  

a n d  c o s t p e rfo rm a n c e  o f  c o n s tru c tio n  p ro je c ts . M o re  sp e c if ic a lly , th e  m e th o d o lo g y  

p re s e n te d  in  th is  se c tio n  w a s  e n tire ly  d e v e lo p e d  a n d  c re a te d  fo r  th e  p u rp o se  o f  th is  sec tio n , 

in  th e  se n se  th a t  th e  fo llo w e d  m e th o d o lo g y  is  n o t  re p o r te d  in  an y  o th e r  p re v io u s  re se a rc h  

e ffo r ts  o r  s tu d ie s , e sp e c ia lly  as re la te d  to  th e  m a p p in g  b e tw e e n  th e  d if fe re n t  p ro je c t  r isk s  

a n d  th e  p ro je c t  p e rfo rm a n c e . In  o th e r  w o rd s , th e  a d d e d  v a lu e  o f  th e  p ro p o se d  m o d e l is  th a t  

i t  c o m b in e s  th e  d if fe re n t  p ro je c t  r isk s  u s in g  a  re l ia b le  a n d  u n iq u e  m e th o d o lo g ic a l  p ro c e s s  

th a t  in te g ra te s  m a th e m a tic a l, s ta tis tic a l, a n d  r is k  m o d e lin g  c o n c e p ts  to  p ro v id e  an  e n h a n c e d  

a b ility  to  a s se ss  a n d  e v a lu a te  th e  c o s t  a n d  sc h e d u le  o v e rru n s  o f  c o n s tru c tio n  p ro je c ts . In  

re la tio n  to  th a t, th e  m o d e l fo llo w s  an  u n p re c e d e n te d  a p p ro a c h  fo r  th e  m a tc h in g  b e tw e e n  

th e  d if fe re n t  in p u ts  a n d  o u tp u ts  o f  th e  d e v e lo p e d  f ra m e w o rk  in  a  w a y  th a t  m a x im iz e s  

in fo rm a tio n  u s a g e  a n d  th a t  a llo w s  n o n - lin e a r  re la tio n s h ip s  a n d  d e p e n d e n c ie s  b e tw e e n  

p ro je c t  r isk s  a n d  p ro je c t  p e rfo rm a n c e . F u r th e rm o re , th e  p ro v id e d  m a th e m a tic a l 

fo rm u la tio n s  o ffe r  e x p lic it  e q u a tio n s  th a t  a re  n o t  p re s e n t  in  an y  o th e r  re la te d  p re v io u s  

re s e a rc h  e ffo r ts  o n  p ro je c t  p e rfo rm a n c e . T h e se  m a th e m a tic a l fo rm u la tio n s  o r  e q u a tio n s  

c o u ld  re v o lu tio n iz e  th e  w a y  p ro je c t  p e rfo rm a n c e  is  a s se s se d  in  th e  c o n s tru c tio n  in d u s try  as 

th e y  re d u c e  s u b je c tiv e  a s se s s m e n ts  b y  th e  p ro je c t  s ta k e h o ld e rs  a n d  m a x im iz e s  o b je c tiv ity
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in  th e ir  e v a lu a tio n s . U lt im a te ly , th e  d e v e lo p e d  f ra m e w o rk  c o n tr ib u te s  to  th e  b o d y  o f  

k n o w le d g e  b y  p ro v id in g  a  n o v e l m o d e l th a t  im p ro v e s  p ro je c t  p e rfo rm a n c e  in  te rm s  o f  

p re d ic tio n , c o n tro l, m a n a g e m e n t, a n a ly s is , a n d  d e c is io n  m a k in g . A s  fo r  th e  p ra c tic a l m e r its  

a n d  c o n tr ib u tio n s , th is  se c tio n  d e v e lo p e d  a  m o d e l th a t  a llo w s  p ra c tit io n e rs  to  m a k e  b e tte r  

a n d  im p ro v e d  p re d ic tio n s  o f  p ro je c t  p e rfo rm a n c e  b y  in c o rp o ra tin g  all p e r t in e n t  an d  

a v a ila b le  in fo rm a tio n  o n  a  w id e  sp e c tru m  o f  p ro je c t  r isk s . F u r th e rm o re , th e  p re s e n te d  

m o d e l a llo w s  c o n s tru c tio n  p ro fe s s io n a ls  to  a s se s s  th e  im p a c t  o f  th e ir  d e c is io n s  o n  th e  

p e rfo rm a n c e  o f  th e  p ro je c t  a n d  h e lp s  th e m  ta k e  th e  a p p ro p r ia te  c o rre c tiv e  a n d  p re v e n tiv e  

a c tio n s  to  m in im iz e  c o s t  a n d  sc h e d u le  o v e rru n s . M o re o v e r , th e  p ro p o se d  m o d e l e n a b le s  

t im e ly  a n d  ta rg e te d  fe e d b a c k  to  b e  e x e c u te d  b y  p ro je c t  a d m in is tra to rs  to  d e te rm in e  

d if fe re n t  p ro je c t  is su e s  e a rly  o n  a n d  to  d e te c t  w a rn in g  s ig n s  b e fo re  p ro je c t  fa ilu re . T h is  

s itu a tio n  h e lp s  d e c is io n  m a k e rs  m a k e  a d ju s tm e n ts  th a t  e n su re  th e  sm o o th  e x e c u tio n  o f  th e  

p ro je c t  b y  k e e p in g  i t  o n  t im e  a n d  o n  b u d g e t. F u r th e rm o re , th e  m o d e l im p ro v e s  th e  

c a p a b ili t ie s  o f  p ro je c t  s ta k e h o ld e rs  fo r  a d o p tin g  th e  n e e d e d  a c tio n s  a n d  d e c is io n s  b a s e d  on  

an  e d u c a te d  ju d g m e n t  th a t  in c o rp o ra te s  in fo rm a tio n  re la te d  to  d if fe re n t  p ro je c t  r isk s  th a t  

a ffe c t  p e rfo rm a n c e .

S e c tio n  4  -  A  S ta tis tic a l a n d  T im e  S e rie s  M o d e l to  S tu d y  th e  Im p a c t  o f  D y n a m ic  

W o rk fo rc e  a n d  W o rk p la c e  V a r ia b le s  o n  th e  P ro d u c tiv ity  o f  th e  C o n s tru c tio n  In d u s try : T h e  

in te lle c tu a l m e r i ts  a n d  m e th o d o lo g ic a l c o n tr ib u tio n s  o f  th is  s e c tio n  a re  r e f le c te d  b y  th is  

s e c t io n ’s n o v e lty  in  p ro p o s in g  a  n e w  c o n c e p t o f  g ro ss  c o n s tru c tio n  p ro d u c tiv ity . M o re  

sp e c if ic a lly , th e  in te lle c tu a l im p lic a tio n s  o f  th is  s e c tio n  in c lu d e  th e  o p p o r tu n itie s  th a t  th is  

re s e a rc h  c o u ld  g e n e ra te  in  r e la tio n  to  s tu d y in g  th e  h e a lth  o f  th e  c o n s tru c tio n  in d u s try  b a se d  

o n  th e  p ro d u c tiv ity  o f  th e  in d u s try  as a  w h o le  a n d  n o t  o n ly  b a s e d  o n  la b o r  p ro d u c tiv ity
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a lo n e . T h e re fo re , th is  se c tio n  h e lp s  in  m o v in g  to w a rd s  th e  d e v e lo p m e n t o f  a  th e o re tic a l 

n o tio n  o f  g ro s s  c o n s tru c tio n  p ro d u c tiv ity . T h is  n o tio n  w a s  in sp ire d  b y  th e  u s e  o f  th e  g ro ss  

d o m e s tic  p ro d u c t  to  s tu d y  a n d  e v a lu a te  th e  h e a lth  o f  e c o n o m ie s  a n d  c o u n tr ie s , as  w e ll  as 

b y  th e  u s e  o f  th e  w o rd  ‘g ro s s ’ b y  th e  U S  B u re a u  o f  L a b o r  S ta tis tic s  fo r  o th e r  v a r ia b le s  su ch  

as g ro ss  jo b  g a in s  a n d  g ro ss  jo b  lo sse s  in  th e  e n tire  c o n s tru c tio n  in d u s try  (U S  B u re a u  o f  

L a b o r  S ta tis tic s , 2 0 2 0 a ). F u r th e rm o re , th e  m e th o d o lo g y  p ro p o se d  a n d  fo llo w e d  in  th is  

re s e a rc h  o p e n s  e x c e p tio n a l o p p o r tu n itie s  to  d e v e lo p  an  in d ic a to r  o r  in d e x  th a t  m o d e ls  an d  

in c o rp o ra te s  th e  re la tio n s h ip  b e tw e e n  d if fe re n t  d y n a m ic  v a r ia b le s  a n d  th e  b ro a d  e c o n o m ic  

o u tp u t. In  a d d itio n , a n d  w h ile  m a n y  p re v io u s  re s e a rc h  e ffo r ts  r e f le c te d  th e  h e a lth  o r  th e  

im p o r ta n c e  o f  th e  c o n s tru c tio n  in d u s try  b y  e x a m in in g  its  sh a re  o f  o r  p e rc e n ta g e  

c o n tr ib u tio n  to  G D P , th is  r e s e a rc h ’s u n iq u e n e s s  is  re f le c te d  b y  p ro p o s in g  th a t  th e  h e a lth  o f  

th e  in d u s try  is  b e  a lso  e x a m in e d  in  te rm s  o f  g ro ss  c o n s tru c tio n  p ro d u c tiv ity  b e c a u s e  th e  

c o n s tru c tio n  in d u s try  is  o n e  o f  th e  la rg e s t  in d u s tr ie s  n a tio n w id e  a n d  a  m a jo r  c o n tr ib u to rs  

to  m a n y  o th e r  in d u s tr ie s . T h u s , th e  in te lle c tu a l m e r i ts  o r  m e th o d o lo g ic a l c o n tr ib u tio n s  o f  

th is  se c tio n  a re  r e f le c te d  b y  b e in g  th e  s te p p in g s to n e  o r  f ir s t  m o tiv a tio n a l re se a rc h  w o rk  th a t  

w o u ld  in sp ire  a n d  e n c o u ra g e  sc h o la rs  a n d  p ra c tit io n e rs  to  d e lv e  in to  th is  n e w  n o tio n  o f  

g ro ss  c o n s tru c tio n  p ro d u c tiv ity  m o re  d e lib e ra te ly . A s  fo r  th e  p ra c tic a l m e r its  o r  

c o n tr ib u tio n s , th is  s e c tio n  o p e n s  p ra c tic a l o p p o r tu n itie s  in  re la tio n  to  u s in g  th e  p ro d u c tiv ity  

o f  th e  e n tire  c o n s tru c tio n  in d u s try  to  a n tic ip a te  m a rk e t  v o la t i l i ty  in  th e  c o n s tru c tio n  

in d u s try  as  w e ll as to  id e n tify  p o te n tia l  im p ro v e m e n ts  in  th e  o v e ra ll p ro d u c tiv ity  o f  th e  

in d u s try . T h is  is  b e c a u s e  c o n s tru c tio n  p ro d u c tiv ity  is  an  im p o r ta n t  m e tr ic  th a t  p ro v id e s  

fe e d b a c k  a b o u t th e  in d u s try  tre n d s  a n d  im p ro v e m e n ts  (V e re e n  e t a l., 2 0 1 6 ) . T h is  a lso  c o u ld  

le a d  to  a  b e tte r  e x e c u tio n  o f  p ro je c ts  s in c e  p ro d u c tiv ity  a ffe c ts  th e  p e rfo rm a n c e  o f  p ro je c ts
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in  th e  c o n s tru c tio n  in d u s try  (S o e k im a n  e t a l., 2 0 1 1 ) . M o re o v e r , th e  p ra c tic a l im p lic a tio n s  

o f  th is  se c tio n  a re  r e f le c te d  in  th e  im p o r ta n c e  o f  th e  re s e a rc h  to  th e  d if fe re n t  e n titie s  th a t  

su p p ly  in fo rm a tio n  to  U S  c o n s tru c tio n  c o m p a n ie s . T h is  se c tio n  p ro v id e s  th e m  w ith  an  

a d d itio n a l a n d  im p o r ta n t  p ie c e  o f  in fo rm a tio n  ( i.e ., th e  g ro ss  c o n s tru c tio n  p ro d u c tiv ity )  th a t  

c o u ld  b e  u s e d  to  m a k e  d if fe re n t  d e c is io n s . F o r  e x a m p le , th e  g ro ss  c o n s tru c tio n  p ro d u c tiv ity  

c o u ld  b e  a d d e d  as an  a d d itio n a l p ie c e  o f  in fo rm a tio n  to  th e  v a lu e  o f  c o n s tru c tio n  sp e n d in g  

th a t  th e  In fo rm a tio n  H a n d l in g  S e rv ic e s  (IH S ) c lo se ly  o b s e rv e s  to  e n lig h te n  c o n s tru c tio n  

f irm s  a b o u t b u s in e s s  r isk s  in  th e  c o n s tru c tio n  in d u s try  (H IS , 2 0 2 0 ). A n o th e r  e x a m p le  is  th e  

A s s o c ia te d  B u ild e rs  a n d  C o n tra c to rs  (A B C ), w h ic h  c a n  p ro v id e  i ts  m e m b e rs  w ith  th e  v a lu e  

o f  g ro ss  c o n s tru c tio n  p ro d u c tiv ity  in  a d d it io n  to  re s id e n tia l  a n d  n o n re s id e n tia l  c o n s tru c tio n  

sp e n d in g , w h ic h  A B C  c a re fu lly  tra c k s  a n d  re p o r ts  to  its  m e m b e rs  o n  a  m o n th ly  b a s is  (A B C , 

2 0 2 0 ) . In  fac t, c o n s tru c tio n  f irm s  u til iz e  in fo rm a tio n  a b o u t th e  fu tu re  tre n d s  o f  th e  o v e ra ll 

c o n s tru c tio n  in d u s try  in d ic a to rs  in  m a k in g  th e i r  s tra te g ic  b u s in e s s  d e c is io n s , su c h  as 

m a rk e t  en try , c o n s o lid a tio n  (m e rg e rs  a n d  a c q u is itio n s ) , b u s in e s s  e x p a n s io n  an d  

c o n tra c tio n , a n d  s ta f f in g  (A b e d in ia n g e ra b i e t a l., 2 0 1 7 ) . T h e re fo re , th e  p rac tic a l 

c o n tr ib u tio n s  o f  th is  se c tio n  a re  to  a d d  g ro ss  c o n s tru c tio n  p ro d u c tiv ity  to  th e s e  

in d u s try w id e  in d ic a to rs . In  su m m a ry , g ro ss  c o n s tru c tio n  p ro d u c tiv ity  is  a d d itio n a l v a lu a b le  

in fo rm a tio n  th a t  c o n s tru c tio n  c o m p a n ie s  c a n  u s e  to  m a k e  d if fe re n t  in s ig h tfu l  a n d  w e l l-  

e d u c a te d  in d u s try -re la te d  d e c is io n s .

S e c tio n  5 -  A  H y b r id  U n s u p e rv is e d  C o m p u ta tio n a l  M o d e l fo r  D e te rm in in g  th e  

C ritic a l C o m b in a tio n s  o f  S a fe ty  F a ta l i ty  C a u se s : T h e  in te lle c tu a l m e r its  an d  

m e th o d o lo g ic a l c o n tr ib u tio n s  o f  th is  se c tio n  lie  in  its  n o v e l in te g ra t io n  o f  sp ec tra l 

c lu s te r in g  a n d  d a ta  m in in g  c o m p u ta tio n a l m e th o d s  in  a  w a y  th a t  h a s  n o t  b e e n  a tte m p te d
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b e fo re . M o re  sp e c if ic a lly , th e re  is  a  la c k  o f  s tu d ie s  th a t  h a v e  u s e d  c lu s te r in g  m e th o d s  an d  

d a ta  m in in g  te c h n iq u e s  to  s tu d y  th e  fa ta l sa fe ty  a c c id e n ts  in  th e  c o n s tru c tio n  in d u s try . A s  

fa r  as  th e  c lu s te r in g  m e th o d s  u s e d  b y  p re v io u s  s tu d ie s  a re  c o n c e rn e d , th e s e  m e th o d s  m a in ly  

in c lu d e d  tra d itio n a l  a p p ro a c h e s  su c h  as p r in c ip a l  c o m p o n e n t a n a ly s is  a n d  k -m e a n s  

c lu s te rin g , a m o n g  o th e rs , w h ic h  h a v e  m a n y  lim ita tio n s  in  te rm s  o f  th e ir  re lia n c e  o n  th e  

in d iv id u a l p ro p e r t ie s  o f  th e  d a ta  p o in ts  r a th e r  th a n  o n  th e  s tre n g th  o f  th e  in te rc o n n e c tiv i t ie s  

o r  a s so c ia tio n s  b e tw e e n  th e  d if fe re n t  d a ta  p o in ts . T h e re fo re , i t  w a s  n e c e s s a ry  to  im p le m e n t 

m o re  a d v a n c e d  c lu s te r in g  m e th o d s  to  s tu d y  th e  a s so c ia tio n s  b e tw e e n  d if fe re n t  fa ta l sa fe ty  

c au ses . In  r e la tio n  to  th a t, th is  s e c t io n ’s re l ia n c e  o n  sp e c tra l c lu s te r in g  h a v e  h e lp e d  in  

a d d re s s in g  th e  l im ita tio n s  o f  tra d itio n a l  c lu s te r in g  m e th o d s . S im ila r ly , as f a r  as th e  d a ta  

m in in g  a p p ro a c h e s  u s e d  b y  p re v io u s  s tu d ie s  a re  c o n c e rn e d , th e s e  m e th o d s  d id  n o t  fa c to r  

th e  p o s s ib il i ty  o f  h a v in g  c o m b in a tio n s  o r  c a u sa tio n s  b e tw e e n  d if fe re n t  fa c to rs  o r  cau ses . 

M o re  sp e c if ic a lly , th e  tra d itio n a l  w a y  o f  lo o k in g  a t  sa fe ty  in c id e n ts  fo c u se s  o n  a n a ly z in g  

th e  w e a k e s t  l in k  in  th e  c h a in  o f  e v e n ts  b y  id e n tify in g  th e  o n ly  o n e  m a in  c a u se  fo r  th e  

a c c id e n t a n d  w h a t  w e n t  w ro n g  th a t  a llo w e d  th e  in c id e n t  to  o c c u r  (G o ld b e rg , 2 0 0 3 ). 

H o w e v e r , th e  r ig id  a d h e re n c e  to  th is  w a y  o f  th in k in g  c a n  le a d  to  so m e  s ig n if ic a n t  e rro rs  in  

im p ro v in g  sa fe ty  p e rfo rm a n c e  (G o ld b e rg , 2 0 0 3 ). T h a t  sa id , i t  w a s  n e c e s s a ry  to  u s e  o th e r  

d a ta  m in in g  te c h n iq u e s  th a t  h a s  th e  c a p a b ili t ie s  o f  s tu d y in g  th e  a c c id e n t c a u sa tio n s  th ro u g h  

e x a m in in g  th e  in te rc o n n e c tiv i t ie s  a n d  a s so c ia tio n s  b e tw e e n  d if fe re n t  f a ta li ty  c au ses . In  

re la tio n  to  th a t, th e  im p le m e n te d  f re q u e n t p a tte rn  m in in g  a lg o r ith m  a llo w e d  fo r  v a lu a b le  

c o m b in a tio n s , a s so c ia tio n s , a n d  re la tio n s h ip s  to  b e  id e n tif ie d  a n d  fo r  c o m p le x , in te re s tin g , 

a n d  h id d e n  a s so c ia tio n s  to  b e  d isc o v e re d  th a t  o th e rw ise  c o u ld  n o t  b e  fo u n d  b y  tra d itio n a l 

te c h n iq u e s . In  su m m a ry , c o m p a re d  to  p re v io u s  s tu d ie s  a n d  th e  tra d itio n a l te c h n iq u e s  to
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sa fe ty  m a n a g e m e n t, th is  re s e a rc h  p re s e n ts  a  d if fe re n t  a p p ro a c h  to  a n a ly z e  c o n s tru c tio n  

fa ta li ty  a c c id e n ts  u s in g  a c c id e n t c a u sa tio n  p r in c ip le s . A s  fo r  th e  p ra c tic a l m e r its  an d  

c o n tr ib u tio n s , th is  se c tio n  e q u ip s  sa fe ty  p ra c ti t io n e rs  w ith  a  d a ta -d r iv e n  a p p ro a c h  th a t  c an  

ta k e  in to  c o n s id e ra t io n  th e  fa c t  th a t, w h ile  sa fe ty  a c c id e n ts  c o u ld  h a p p e n  d u e  to  fa c to rs  o r  

c a u se s  th a t  a re  in d iv id u a lly  c ritic a l, fa ta li tie s  o n  c o n s tru c tio n  s ite s  c o u ld  a lso  re s u lt  d u e  to  

a  c o m b in a tio n  o f  fa c to rs  th a t  m ig h t n o t  b e  p e rc e iv e d  to  b e  c ritic a l o n  th e  in d iv id u a l lev e l 

b u t  ra th e r  b e c o m e  c ritic a l w h e n  c o m b in e d  w ith  o th e r  fac to rs . T h a t  sa id , th is  re s e a rc h  e q u ip s  

sa fe ty  m a n a g e rs  a n d  su p e rv iso rs  w ith  a  p ro a c tiv e  a p p ro a c h  th a t  a llo w s  th e m  to  ta k e  th e  

n e e d e d  p re v e n tiv e  a c tio n s  to  a v o id  fa ta li t ie s  o n  c o n s tru c tio n  s ite s  b y  id e n tify in g , in  

h in d s ig h t, th e  c ritic a l c o m b in a tio n s  a n d  a s so c ia tio n s  o f  fa ta li ty  cau ses . U lt im a te ly , th e  

o u tc o m e s  o f  th is  r e s e a rc h  w o u ld  e n h a n c e  th e  sa fe ty  p e rfo rm a n c e  in  th e  c o n s tru c tio n  

in d u s try  a n d  p re v e n t  c o n s tru c tio n  fa ta li t ie s  b y  e x e rc is in g  m o re  e ffe c tiv e  a n d  e ff ic ie n t 

p ra c tic e s  to  p ro a c tiv e ly  p re v e n t  th e  o c c u rre n c e  o f  th e  id e n tif ie d  sa fe ty  f a ta li ty  c o m b in a tio n s  

o n  c o n s tru c tio n  sites.

S e c tio n  6 -  S tu d y in g  th e  Im p a c t  o f  O ffs ite  C o n s tru c tio n  T e c h n o lo g y  o n  th e  

W o rk fo rc e  a n d  L a b o r  C h a ra c te r is tic s :  T h e  in te lle c tu a l m e tr ic s  a n d  m e th o d o lo g ic a l 

c o n tr ib u tio n s  o f  th is  se c tio n  lie  in  th e  fa c t  th a t  th is  se c tio n  a d d re s se s  a  p e rs is te n t  m is s in g  

p ie c e  in  th e  b o d y  o f  k n o w le d g e  as i t  is  o n e  o f  th e  f ir s t  re s e a rc h  e n d e a v o rs  to  in v e s t ig a te  th e  

fu tu re  im p lic a tio n s , r a th e r  th a n  th e  c u rre n t im p a c ts , o f  o f fs ite  c o n s tru c tio n  m e th o d s  an d  

te c h n o lo g ie s  o n  th e  w o rk fo rc e  in  th e  c o n s tru c tio n  in d u s try . C o m p re h e n s iv e  l is ts  o f  

w o rk fo rc e  o c c u p a tio n s  in c lu d in g  o n s ite , o ffs ite , e n g in e e r in g , c o n s tru c tio n , an d  

a d m in is tra t iv e  w o rk fo rc e  h a v e  b e e n  id e n tif ie d . F o r  e a c h  o f  th e s e  o c c u p a tio n s , e ith e r  th e  

im p a c t  o f  o f fs ite  c o n s tru c tio n  te c h n o lo g y  o n  th e  d e m a n d  a n d  s k illse t  o r  th e  te c h n ic a l sk ills
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a n d  m a n a g e ria l  sk ills  o f  th e  w o rk fo rc e  o c c u p a tio n s  w e re  q u a n tif ie d ; w h ic h  h a s  n e v e r  b e e n  

a tte m p te d  b e fo re  b y  p re v io u s  re s e a rc h  e ffo r ts . In  a d d itio n , 43 la b o r - re la te d  c h a ra c te r is tic s  

w e re  id e n tif ie d , ra te d , a n d  q u a n tif ie d . M o re o v e r , th is  s e c tio n  o f fe re d  p r io r it iz a t io n  o f  th e  

im p a c te d  o c c u p a tio n s  b a s e d  q u a n ti ta t iv e  m e th o d s  as  w e ll as c o m p u ta tio n a l te c h n iq u e s  su ch  

as c lu s te r in g  m e th o d s . U lt im a te ly , th is  se c tio n  le d  to  d is c o v e r in g  th a t  w e re  n o t  a d d re s se d  

b e fo re . A s  fo r  th e  p ra c tic a l m e r its  a n d  c o n tr ib u tio n s , th is  s e c tio n  p la y s  a  c ritic a l ro le  in  

h e lp in g  o ffs ite  c o n s tru c tio n  in d u s try  p ra c tit io n e rs  in  w o rk fo rc e  p la n n in g  a n d  m a n a g e m e n t, 

in  th e  p r io r it iz a t io n  o f  t ra in in g  n e e d s  a n d  p ro g ra m s , a n d  in  im p ro v in g  th e  q u a lity  o f  th e  

w o rk fo rc e  in v o lv e d  in  th e  o ffs ite  c o n s tru c tio n  o p e ra tio n s . T h u s , th is  se c tio n  p re se n ts  

o p p o r tu n itie s  to  e x p a n d  th e  k n o w le d g e  b a s e  o f  th e  w o rk fo rc e  o c c u p a tio n s  in v o lv e d  in  

o ffs ite  c o n s tru c tio n  p ro je c ts  a n d  to  s tre n g th e n  th e  sk ills  th a t  e a c h  e m p lo y e e  n e e d s  to  

im p ro v e . U ltim a te ly , th is  w o u ld  h e lp  c o n s tru c tio n  c o m p a n ie s  in  c re a tin g  a n d  p o s s e s s in g  an  

o v e ra ll k n o w le d g e a b le  te a m  o f  w o rk e rs  a n d  e m p lo y e e s  th a t  a re  c a p a b le  o f  ta k e  o v e r  fo r  

o n e  a n o th e r  as n e e d e d  a n d  th a t  c a n  w o rk  o n  te a m s  o r  w o rk  in d e p e n d e n tly  w ith o u t  c o n s ta n t 

h e lp  a n d  su p e rv is io n  f ro m  o th e rs . T h is  r e s e a rc h  c o u ld  a lso  h e lp  in d u s try  p ra c tit io n e rs  in  

im p ro v in g  th e  p ro d u c tiv ity  a n d  p e rfo rm a n c e  o f  th e ir  w o rk fo rc e  as i t  p ro v id e s  th e m  w ith  

th e  o p p o r tu n ity  to  b e  a d e q u a te ly  a n d  p ro p e r ly  t ra in e d  to  p e rfo rm  th e  d if fe re n t  ta s k s  an d  

a c tiv it ie s  as  w e ll as  to  h a v e  a  s tro n g e r  u n d e rs ta n d in g  o f  th e  o ffs ite  c o n s tru c tio n  a sp e c ts  an d  

th e  re s p o n s ib il i t ie s  o f  th e ir  jo b s .  C o n se q u e n tly , th is  re s e a rc h  is  v a lu a b le  fo r  c o n s tru c tio n  

f irm s  in  k e e p in g  th e ir  e m p lo y e e s  o n  th e  c u ttin g  e d g e  o f  in d u s try  d e v e lo p m e n ts . T h is  c o u ld  

u lt im a te ly  h e lp  o rg a n iz a tio n s  in  h o ld in g  a  p o s it io n  as a  le a d e r  a n d  s tro n g  c o m p e tito r  w ith in  

th e  o ffs ite  c o n s tru c tio n  in d u s try .
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T h e  re s e a rc h  c o n d u c te d  in  th is  d is s e r ta t io n  o p e n s  m u lt ip le  o p p o r tu n itie s  fo r  

s c h o la rs  a n d /o r  p ra c tit io n e rs  to  b u ild  o n  th e  p re s e n te d  e ffo r ts  in  th is  d is s e r ta tio n  in  th e ir  

fu tu re  e n d e a v o rs . In  r e la tio n  to  th a t, fu tu re  w o rk  re la te d  to  S e c tio n  2  c o u ld  in c lu d e  

in v e s t ig a tin g  th e  p e rfo rm a n c e  o f  d if fe re n t  a r tif ic ia l  in te ll ig e n c e  a lg o r ith m s  o r  d e v e lo p in g  

o th e r  m a c h in e  le a rn in g  m o d e ls  to  p re d ic t  th e  sa fe ty  p o te n tia l  lev e l o f  d a m s  a t th e  s ta te  lev e l 

a n d  n o t  o n ly  o n  th e  n a tio n a l lev e l. T h is  w ill  r e s u lt  in  h a v in g  a  se t o f  re lia b le  m o d e ls  o r  

f ra m e w o rk s  th a t  a re  c a p a b le  o f  p re d ic tin g  th e  h a z a rd  p o te n tia l  o f  d a m s  sp e c if ic  to  e a ch  

s ta te . A lso , w h ile  th e  re s e a rc h  in  th is  d is s e r ta t io n  is  a p p lie d  to  d a m s  in  th e  U S , th e  p ro p o se d  

te c h n iq u e  o r  a p p ro a c h  is  sc a la b le  a n d  m a lle a b le  so  i t  c o u ld  b e  u s e d  o n  an y  s im ila r  

in te rn a tio n a l a v a ila b le  d a ta  set. F u tu re  w o rk  a n d  d e v e lo p m e n ts  re la te d  to  S e c tio n  3 c o u ld  

b e  to  d e v e lo p  a  m e th o d o lo g y  th a t  p ro v id e s  d if fe re n t  w e ig h ts  fo r  c o s t a n d  sc h e d u le  

o v e rru n s , re sp e c tiv e ly . A d d itio n a lly , a  c o m p a ra tiv e  s tu d y  a n d  an  in -d e p th  s e n s it iv ity  

a n a ly s is  o f  th e  c o n s id e re d  25  p ro je c t  r isk s  c o u ld  b e  p e rfo rm e d  to  r e f le c t  th e  im p o r ta n c e  o f  

e a c h  r is k  o n  p ro je c t  p e rfo rm a n c e . T h e se  e ffo r ts  w ill  a s s is t  in  p r io r it iz in g  th e  d if fe re n t 

p ro je c t  r isk s  b a s e d  o n  th e i r  c o n tr ib u tio n s  to  c o s t a n d  sc h e d u le  o v e rru n s . F u r th e rm o re , 

fu tu re  w o rk  c o u ld  in c o rp o ra te  an  a d d itio n a l d im e n s io n  fo r  th e  d e v e lo p e d  m o d e l th a t  a llo w s  

th e  re f le c t io n  o f  p o te n tia l  c o rre la tio n s  b e tw e e n  th e  d if fe re n t p ro je c t  r isk s . D o in g  so  w ill 

e n su re  a  m o d e l th a t  is  b e tte r  a b le  to  fa c to r  th e  d if fe re n t  p ro je c t  u n c e r ta in t ie s  in  th e  

c o n s tru c tio n  in d u s try . F u tu re  w o rk  re la te d  to  S e c tio n  4  c o u ld  b e  to  a d d re s s  o n e  o f  th e  

l im ita tio n s  o f  th is  se c tio n , w h ic h  is  th e  fo c u s  o n  th e  u n id ire c t io n a l  re la tio n s h ip  b e tw e e n  th e  

d if fe re n t  d y n a m ic  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  o n  th e  o n e  h a n d  a n d  th e  p ro d u c tiv ity  

o f  th e  c o n s tru c tio n  in d u s try  o n  th e  o th e r  h an d . T h a t  is, th is  re s e a rc h  w a s  l im ite d  to  s tu d y in g
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h o w  th e  re s p o n s e  v a r ia b le  (c o n s tru c tio n  p ro d u c tiv ity )  w a s  in f lu e n c e d  b y  th e  p re d ic to r  

v a r ia b le s  (w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s ) , b u t  n o t  v ic e  v e rsa . S in c e  th is  se c tio n  

fo c u s e d  o n  th e  w o rk fo rc e  a n d  w o rk p la c e  v a r ia b le s  th a t  c a n  a ffe c t c o n s tru c tio n  p ro d u c tiv ity  

r a th e r  th a n  o th e r  in d u s try - , g o v e rn m e n t- , o r  e c o n o m ic - re la te d  v a r ia b le s , fu tu re  re s e a rc h  

w o rk  c o u ld  in c lu d e  s tu d y in g  th e  e ffe c ts  o f  o th e r  v a r ia b le s  o n  c o n s tru c tio n  p ro d u c tiv ity . 

M o re o v e r , s in c e  th is  s e c tio n  m a in ly  a im e d  to  b e  a  p ro o f-o f-c o n c e p t fo r  a  n e w  n o tio n  o f  

g ro ss  c o n s tru c tio n  p ro d u c tiv ity , i t  is  d e s ire d  th a t  su c h  re s e a rc h  a c ts  as a  s tep  to w a rd  th e  

d e v e lo p m e n t o f  a  n e w  g ro ss  c o n s tru c tio n  p ro d u c tiv ity  in d ic a to r  b y  fu tu re  s c h o la rs  o r  

p ra c tit io n e rs . F u tu re  w o rk  re la te d  to  S e c tio n  5 c o u ld  in c lu d e  to  d e v ise d  m e th o d s  o r  

a p p ro a c h e d  to  in te g ra te  th e  a c c id e n t c a u sa tio n  sy s te m s  w ith  th e  d if fe re n t  te c h n o lo g ie s —  

th a t  a re  c u rre n tly  u s e d  o n  c o n s tru c tio n  s ite s  to  m o n ito r  th e  p ro g re s s  o f  th e  w o rk  a n d  id e n tify  

p o s s ib le  u n s a fe  e v e n ts — to  p ro v id e  re a l- t im e  a n d  a u to m a te d  w a rn in g  s ig n s  o f  th e  

p o s s ib il i ty  o f  an  a c c id e n t in  h in d s ig h t  (i.e ., b e fo re  th e  o c c u rre n c e  o f  th e  in c id e n t) . F o r  

in s ta n c e , fu tu re  w o rk  c o u ld  fo c u s  o n  a p p lie d  th e  p ro p o se d  a p p ro a c h  in  th is  re s e a rc h  in  th e  

sa fe ty  m a n a g e m e n t p ra c tic e  in  rea l c o n s tru c tio n  s ite s  b y  in te g ra t in g  it  w ith  th e  u n m a n n e d  

ae ria l v e h ic le s  (o r  d ro n e s )  a n d  c o m p u te r  v is io n  th a t  c a n  a u to m a tic a l ly  ra is e  a  re d  f la g  o r  

sy m b o l w h e n  th e  id e n tif ie d  c o m b in a tio n s  o f  c a u se s  o c c u r  o n  th e  c o n s tru c tio n  site . I t  is  

w o r th  m e n tio n in g  th a t  s c h o la rs  as w e ll as c o n s tru c tio n  c o m p a n ie s  c o u ld  a lso  re ly  o n  th e ir  

o w n  d a ta  se t o f  c o n s tru c tio n  in c id e n ts  o r  fa ta l a c c id e n ts  in  o rd e r  to  id e n tify  o th e r  p o s s ib le  

c ritic a l c o m b in a tio n s  o f  fa c to rs  th a t  a re  m o re  s p e c if ic  to  th e  c o m p a n ie s ’ c o n s tru c tio n  se c to r  

o r  o p e ra tio n s . F in a lly , fu tu re  re s e a rc h  w o rk  re la te d  to  S e c tio n  6 c o u ld  in c lu d e  p ro v id in g  

sp e c if ic  tra in in g  a sp e c ts  o r  sk ills  th a t  n e e d  to  b e  a c q u ire d  b y  e a c h  o n e  o f  th e  p r io r it iz e d  

w o rk fo rc e  o c c u p a tio n s  th a t  w e re  re p o r te d  in  th is  d isse r ta tio n . O th e r  p o te n tia l  fu tu re  e ffo r ts
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c o u ld  in c lu d e  d e s ig n in g  s p e c if ic  w o rk fo rc e  d e v e lo p m e n t p ro g ra m s  a n d  tra in in g  m a te r ia ls  

fo r  th e  d if fe re n t  w o rk fo rc e  o c c u p a tio n s  c o n s id e re d  in  th is  se c tio n  o r  th o s e  th a t  a re  in v o lv e d  

in  th e  o ffs ite  c o n s tru c tio n  p ro je c ts . T h is  w o u ld  h e lp  c o n s tru c tio n  o rg a n iz a tio n s  in  h a v in g  

m o re  sp e c if ic  g u id e lin e s  a n d  p ra c tic e s  fo r  p ro p e r ly  a n d  a d e q u a te ly  tra in in g  th e ir  w o rk fo rc e  

so  th a t  to  h a v e  a  c o m p e te n t , w e l l- ro u n d e d , a n d  m u lt i- s k il le d  la b o r  fo rc e  th a t  c o u ld  p e rfo rm  

th e  d if fe re n t  o f fs ite  c o n s tru c tio n  ta s k s  a n d  a c tiv it ie s .



A P P E N D I X  A .

D A T A  A N D  P Y T H O N  C O D E  F O R  T H E  D E V E L O P E D  S U P E R V IS E D  M O D E L  
T O  E V A L U A T E  A N D  P R E D I C T  T H E  H A Z A R D  P O T E N T I A L  L E V E L  O F  D A M

I N F R A S T R U C T U R E S
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T h e  d a ta  u s e d  fo r  d e v e lo p in g  th e  su p e rv ise d  a r tif ic ia l in te ll ig e n c e  m o d e l is  

c o n s is t in g  o f  9 1 ,4 6 8  re a d in g s  th a t  w e re  d o w n lo a d e d  f ro m  th e  o ff ic ia l  w e b s ite  o f  th e  

N a tio n a l In v e n to ry  o f  D a m s  th a t  c o u ld  b e  a c c e s se d  a t th e  fo llo w in g  l in k :  

h t tp s : / /n id .s e c .u s a c e .a rm y .m il/o rd s /f? p = 1 0 5 :1 ::::::

I t  is  w o r th  m e n tio n in g  th a t  s in c e  th e  d a ta  in c lu d e s  9 1 ,4 6 8  re a d in g s , i t  w a s  n o t 

p o s s ib le  to  in c lu d e  i t  in  th is  d is s e r ta t io n  o r  th is  a p p e n d ix . H o w e v e r , s in c e  th e  d a ta  is  

p u b lic ly  a v a ila b le  o n  th e  p re v io u s  p ro v id e d  l in k  th e n  th e re  sh o u ld  b e  n o  p ro b le m  w ith  th a t. 

I t  is  to  b e  n o te d  th a t  th e  d a ta  u s e d  in  th is  d is s e r ta t io n  w a s  th e  o n e  c o lle c te d  fo r  th e  2 0 1 8  

y e a r  a n d  fo r  all th e  s ta te s  in  th e  U S . T h e  v a r ia b le s  th a t  w e re  c o n s id e re d  in  th e  d a ta  a re  th e  

fo llo w in g : (1 ) D IS T A N C E ; (2 )  D A M _ T Y P E ; (3 ) C O R E ; (4 )  F O U N D A T IO N ; (5 ) 

P U R P O S E S ; (6 )  A G E ; (7 ) M o d if ie d /M a in te n a n c e ? ;  (8 ) D A M _ L E N  G T H ; (9 ) 

D A M _ H E IG H T ; (1 0 )  S T R U C T U R A L _ H E IG H T ; (1 1 )  H Y D R A U L IC _ H E IG H T ; (1 2 ) 

N ID _ H E IG H T ; (1 3 )  M A X _ D IS C H A R G E ; (1 4 )  M A X _ S T O R A G E ; (1 5 )

N O R M A L _ S T O R A G E ; (1 6 )  N ID _ S  T O R A G E ; (1 7 )  S U R F  A C E _ A R E A ; (1 8 ) 

D R A IN A G E _ A R E A ; (1 9 )  IN S P E C T IO N _ F R E Q U E N C Y ; (2 0 )  S P IL L W A Y _ W ID T H ; 

(2 1 )  V O L U M E ; (2 2 ) N U M B E R _ O F _ L O C K S ; (2 3 )  L E N G T H _ O F _ L O C K S ; (2 4 ) 

W ID T H _ O F _ L O C K S ; (2 5 )  N U M S E P A R A T E S T R U C T U R E S ; an d , (2 6 ) H A Z A R D .

It  is  to  b e  n o te d  th a t  all th e  f ir s t  25  v a r ia b le s  w e re  c o n s id e re d  as p o te n tia l  in p u t  

v a r ia b le s  fo r  th e  s u p e rv ise d  a rtif ic ia l  in te ll ig e n c e  m o d e l w h ile  th e  la s t  v a r ia b le  ‘H A Z A R D ’ 

is  th e  o u tp u t  v a ria b le . I t  is  w o r th  m e n tio n in g  th a t  w h ile  a ll v a r ia b le s  w e re  d ire c tly  ta k e n  

f ro m  th e  p ro v id e d  ra w  d a ta  f ro m  th e  N a tio n a l  In v e n to ry  o f  D am s; tw o  v a r ia b le s  w e re  

in d ire c tly  c a lc u la te d  f ro m  su c h  d a ta . T h e  f ir s t  v a r ia b le  is  th e  ‘A G E ’ w h ic h  w a s  c a lc u la te d  

as 2 0 1 8  m in u s  th e  v a r ia b le  ‘Y E A R _ C O M P L E T E D ’ th a t  is  p re s e n t  in  th e  r a w  d a ta

https://nid.sec.usace.army.mil/ords/f?p=105:1
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p u b lis h e d  b y  th e  N a tio n a l  D a m  In v e n to ry  o f  D a m s . T h e  se c o n d  v a r ia b le  is  th e  

‘M o d if ie d /M a in te n a n c e ? ’ w h ic h  is  a  c a te g o ric a l v a r ia b le  th a t  c o u ld  ta k e  a  v a lu e  o f  ‘N ’ 

re p re s e n tin g  ‘N o ’ o r  a  v a lu e  o f  ‘Y ’ re p re s e n tin g  ‘Y e s ’ . T h is  v a r ia b le  ta k e s  th e  v a lu e  o f  ‘N ’ 

i f  th e  c o rre s p o n d in g  v a r ia b le  ‘Y E A R _ M O D IF IE D ’ ( th a t is  p re s e n t  in  th e  ra w  d a ta  

p u b lis h e d  b y  th e  N a tio n a l  In v e n to ry  o f  D a m s )  d o e s  n o t  in c lu d e  an y  rea d in g , a n d  i t  ta k e s  a 

v a lu e  o f  ‘Y ’ i f  th e  c o rre s p o n d in g  v a r ia b le  ‘Y E A R _ M O D IF IE D ’ d o e s  in c lu d e  a  rea d in g . 

T h is  c o u ld  b e  a c h ie v e d  v ia  e x ce l u s in g  th e  fo llo w in g  fo rm u la  ‘= IF (C e l l# ," N " ," Y " ) ’ w h e re  

C e ll#  re fe rs  to  th e  a s so c ia te d  re a d in g s  o f  th e  ‘Y E A R _ M O D IF IE D ’ v a ria b le .

T o  b e  a b le  to  ru n  th e  im p le m e n te d  c o d e  b e lo w , th e  2 6  v a r ia b le s  n e e d  to  b e  s a v e d  in  

a  c sv  (c o m m a -s e p a ra te d  v a lu e s )  f ile  n a m e d : ‘N ID 2 0 1 8 _ In itia l  D a ta _ 2 5  In p u t 

V a r ia b le s .c s v ’. T h e  im p le m e n te d  P y th o n  c o d e  ( th e  c o d e ’s c o m m e n ts  a re  sh o w n  as 

u n d e r l in e d )  fo r  th e  d e v e lo p e d  s u p e rv ise d  a r tif ic ia l in te ll ig e n c e  m o d e l is  as fo llo w s: 

# im p o r tin g  p a c k a g e s  

im p o r t  p a n d a s  as p d  

im p o r t  n u m p y  a s  n p

fro m  sk le a rn .c o m p o s e  im p o r t  C o lu m n T ra n s fo rm e r

fro m  sk le a rn .e x p e r im e n ta l im p o r t  e n a b le _ ite ra t iv e _ im p u te r

f ro m  s k le a rn .im p u te  im p o r t  I te ra t iv e Im p u te r

f ro m  sk le a rn .c o m p o s e  im p o r t  m a k e _ c o lu m n _ tra n s fo rm e r

fro m  s k le a rn .p re p ro c e s s in g  im p o r t  M in M a x S c a le r

im p o r t  m a tp lo tl ib .p y p lo t  as p lt

f ro m  sk le a rn .p ip e lin e  im p o r t  P ip e lin e

fro m  s k le a rn .m o d e l_ s e le c tio n  im p o r t  tra in _ te s t_ s p lit
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f ro m  sk le a rn .e n s e m b le  im p o r t  R a n d o m F o re s tC la s s if ie r

f ro m  b o ru ta  im p o r t  B o ru ta P y

fro m  sk le a rn .n e ig h b o rs  im p o r t  K N e ig h b o rs C la s s if ie r

f ro m  sk le a rn .n e u ra l_ n e tw o rk  im p o r t  M L P C la s s if ie r

f ro m  s k le a rn .m o d e l_ s e le c tio n  im p o r t  le a rn in g _ c u rv e , G r id S e a rc h C V

fro m  s k le a rn .m o d e l_ s e le c tio n  im p o r t  S tra tif ie d K F o ld

fro m  s k le a rn .m o d e l_ s e le c tio n  im p o r t  P re d e f in e d S p li t

f ro m  im b le a rn .c o m b in e  im p o r t  S M O T E T o m e k

fro m  im b le a rn .o v e r_ s a m p lin g  im p o r t  S M O T E

fro m  c o lle c t io n s  im p o r t  C o u n te r

f ro m  sk le a rn  im p o r t  m e tr ic s

f ro m  ite r to o ls  im p o r t  c h a in

fro m  sk le a rn .m e tr ic s  im p o r t  c la s s if ic a tio n _ re p o rt , c o n fu s io n _ m a tr ix , 

b a la n c e d _ a c c u ra c y _ s c o re , a c c u ra c y _ s c o re ,a v e ra g e _ p re c is io n _ s c o re , b r ie r_ sc o re _ lo s s  

% m a tp lo tlib  in lin e

'''T h e  fo llo w in g  v e rs io n s  w e re  u s e d  fo r  th e  d if fe re n t  p a c k ag e s :

V e rs io n  o f  S k le a rn  is: 0 .2 4 .1  

V e rs io n  o f  P a n d a s  is: 1 .1 .5  

V e rs io n  o f  N u m p y  is: 1 .20 .1  

V e rs io n  o f  B o ru ta  is: 0.3 

V e rs io n  o f  Im b le a rn  is: 0 .8 .0

# re a d in g  th e  d a ta  as  a  d a ta f ra m e



o r ig in a l_ d a ta _ c a te g o r ic a l_ re p re s e n ta t io n  =  p d .re a d _ c s v (" N ID 2 0 1 8 _ In itia l  D a ta _ 2 5  

In p u t V a r ia b le s .c s v " )

# v isu a liz in g  th e  h e a d  o f  th e  d a ta f ra m e  

o r ig in a l_ d a ta _ c a te g o r ic a l_ re p re s e n ta t io n .h e a d ()

# c h e c k in g  th e  ty p e  o f  th e  v a r ia b le s

o r ig in a l_ d a ta _ c a te g o r ic a l_ re p re s e n ta t io n .in fo ( )  #5  c a te g o ric a l in p u t  v a ria b le s :

'D A M  T Y P E ', 'C O R E ', 'F O U N D A T IO N ', 'P U R P O S E S ', a n d  'M o d if ie d /M a in te n a n c e ? ' 

# w e  n e e d  to  tra n s fo rm  th e  c a te g o ric a l in p u t  v a r ia b le s  to  n u m e ric a l v a r ia b le s  u s in g  th e  

lab e l e n c o d in g  m e th o d  b y  tra n s fo rm in g  th e  c a te g o ric a l fe a tu re s  to  n u m e ric a l v a lu e s  

b e tw e e n  0 a n d  th e  n u m b e r  o f  a ttr ib u te s  m in u s  1

# firs t, g e t th e  u n iq u e  v a lu e s  (e x c lu d in g  N u ll  v a lu e s )  fo r  e a c h  c a te g o ric a l v a r ia b le

# se c o n d , so rt th e  u n iq u e  v a lu e s  b y  a lp h a b e tic a l o rd e r  fo r  e a se  o f  in te rp re ta t io n

# th ird , w e  c re a te  a  d ic tio n a ry  w h e re  th e  k e y s  ( s ta r tin g  a t 0 ) a re  th e  in d ic e s  o f  th e  u n iq u e

v a lu e s  a n d  th e  d ic t io n a ry ’s v a lu e s  a re  th e  u n iq u e  v a lu e s  th e m s e lv e s

# fo u rth , w e  f lip  th e  k e y s  a n d  th e  v a lu e s  o f  th e  d ic tio n a ry

# f ir s t  c a te g o ric a l v a r ia b le :  D A M  T Y P E

d ic _ D a m T y p e  =  d ic t(m a p (re v e rse d ,

d ic t( e n u m e ra te (s o r te d (o r ig in a l_ d a ta _ c a te g o r ic a l_ re p re s e n ta t io n [ 'D A M _ T Y P E '] .d ro p n a () . 

u n iq u e () ) , 0 ) ) .i te m s () ))

# s e c o n d  c a te g o ric a l v a ria b le :  P U R P O S E S  

d ic _ P u rp o s e s  =  d ic t(m a p (re v e rse d ,

d ic t(e n u m e ra te (s o r te d (o r ig in a l_ d a ta _ c a te g o r ic a l_ re p re s e n ta t io n [ 'P U R P O S E S '] .d ro p n a ( ) .u  

n iq u e () ) , 0 ) ) .i te m s () ))

# th ird  c a te g o ric a l v a ria b le :  F O U N D A T IO N
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d ic _ F o u n d a tio n  =  d ic t(m a p (re v e rse d ,

d ic t(e n u m e ra te (s o r te d (o r ig in a l_ d a ta _ c a te g o r ic a l_ re p re s e n ta t io n [ 'F O U N D A T IO N '] .d ro p n  

a () .u n iq u e () ) , 0 ) ) .i te m s () ))

# fo u r th  c a te g o ric a l v a r ia b le :  C O R E  

d ic _ C o re  =  d ic t(m a p (re v e rse d ,

d ic t(e n u m e ra te (s o r te d (o r ig in a l_ d a ta _ c a te g o r ic a l_ re p re s e n ta t io n [ 'C O R E '] .d ro p n a ( ) .u n iq u e  

( ) ) , 0 ) ) .ite m s () ))

# f if th  c a te g o ric a l v a ria b le :  M o d if ie d /M a in te n a n c e ?  

d ic _ M a in te n a n c e  =  d ic t(m a p (re v e rse d ,

d ic t(e n u m e ra te (s o r te d (o r ig in a l_ d a ta _ c a te g o r ic a l_ re p re s e n ta t io n [ 'M o d if ie d /M a in te n a n c e ? ' 

] .d ro p n a ( ) .u n iq u e () ) , 0 ) ) .i te m s () ))

# tra n s fo rm in g  th e  c a te g o ric a l d a ta  in to  n u m e ric a l d a ta  b a s e d  o n  th e  c re a te d  d ic tio n a r ie s  

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n  =  

o r ig in a l_ d a ta _ c a te g o r ic a l_ re p re s e n ta t io n .c o p y ()

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n [ 'D A M _ T Y P E '] .re p la c e (d ic _ D a m T y p e ,

in p la c e = T ru e )

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n [ 'C O R E '] .re p la c e (d ic _ C o re , in p la c e = T ru e )

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n [ 'F O U N D A T IO N '] .re p la c e (d ic _ F o u n d a tio n ,

in p la c e = T ru e )

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n [ 'P U R P O S E S '] .re p la c e (d ic _ P u rp o s e s ,

in p la c e = T ru e )

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n [ 'M o d if ie d /M a in te n a n c e ? '] .re p la c e (d ic _ M a in te n a  

n ce , in p la c e = T ru e )
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# s a v in g  th e  d a ta

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n .to _ c s v ( 'N ID 2 0 1 8 _ In it ia l  D a ta _ 2 5  In p u t 

V a r ia b le s _ N u m e r ic a l.c s v ')

# c h e c k in g  th e  c la s s  d is tr ib u tio n  o f  th e  o u tp u t  v a r ia b le

o r ig in a l_ d a ta _ c a te g o r ic a l_ re p re s e n ta t io n [ 'H A Z A R D '] .v a lu e _ c o u n ts ( )  # U  m e a n s  

u n d e te rm in e d

# c h e c k in g  h o w  m a n y  n u ll v a lu e s  a re  p re s e n t  in  th e  o u tp u t  v a r ia b le  

o r ig in a l_ d a ta _ c a te g o r ic a l_ re p re s e n ta t io n [ 'H A Z A R D '] .is n u ll( ) .s u m ()

# s in c e  th e  o u tp u t  v a r ia b le  is  'H A Z A R D ' w h ic h  is  a  v e ry  c ritic a l a s p e c t  o f  d am s, d a m s  

w ith  u n d e te rm in e d  h a z a rd  lev e l (i.e ., w ith  'U ')  a n d  w ith  n u ll v a lu e s  a re  d ro p p e d  f ro m  th e  

d a ta s e t  r a th e r  th a n  im p u te d  u s in g  d a ta  im p u ta t io n  m e th o d s  so  th a t  to  a v o id  a s s ig n in g  a 

v a lu e  w h ic h  is  n o t  1 0 0 %  c o rre c t 

# d ro p p in g  n u ll v a lu e s  

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n  =

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n [o r ig in a l_ d a ta _ n u m e ric a l_ re p re s e n ta tio n .H A Z A R

D .n o tn u ll( ) ]

# d ro p p in g  d a m s  w ith  u n d e te rm in e d  h a z a rd  lev e l 

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n  =

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n [o r ig in a l_ d a ta _ n u m e ric a l_ re p re s e n ta tio n .H A Z A R  

D  != 'U ']

# re s e tt in g  th e  in d e x

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n .re s e t_ in d e x (d ro p = T ru e , in p la c e = T ru e )

#changing the output variable such as Low is 0, Significant is 1, and H is 2



o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n [ 'H A Z A R D ']  =  

o r ig in a l_ d a ta _ n u m e ric a l_ re p re se n ta t io n [ 'H A Z A R D '] .m a p ({ 'L ':0 , 'S ':1 , 'H ':2 } )

# s e le c tin g  th e  in p u t v a r ia b le s

X _ o r ig in a l= o r ig in a l_ d a ta _ n u m e ric a l_ re p re s e n ta tio n .d ro p ( 'H A Z A R D ', a x is=  1)

# s e le c tin g  th e  o u tp u t  v a r ia b le

y _ o r ig in a l= o r ig in a l_ d a ta _ n u m e r ic a l_ re p re s e n ta t io n [ 'H A Z A R D ']

# sp lit in g

X _ tra in V a l,X _ te s t ,y _ tra in V a l,y _ te s t= tra in _ te s t_ s p li t(X _ o r ig in a l ,y _ o r ig in a l ,te s t_ s iz e = 0 .2 , 

r a n d o m _ s ta te =  1 ,s tra tify = y _ o r ig in a l)

# g e tt in g  th e  v a lu e s  o f  th e  sp lite d  d a ta

X _ tra in V a l= X _ tra in V a l.v a lu e s

y _ tra in V a l= y _ tra in V a l.v a lu e s

# T h e  P y th o n  c o d e  fo r  th e  K N N  a lg o r ith m  is  as fo llo w s:

sk f= S tra t if ie d K F o ld (n _ s p lits = 5 ,ra n d o m _ s ta te = 1 ,s h u ff le = T ru e )  # c h o o s in g  h o w  m a n y  

fo ld s  w e  w a n t  th ro u g h  th e  'n  sp lits ' p a ra m e te r

su m m a ry _ a c c u ra c ie s _ p e rF o ld _ p e rH y p e rp a ra m e te rC o m b in a tio n = p d .D a ta F ra m e ()  

# in it ia l iz in g  a  d a ta f ra m e  th a t  w ill  s to re  th e  o b ta in e d  a c c u ra c ie s  o n  th e  v a lid a tio n  se t 

i te ra t io n _ n u m b e r= 0  # in it ia l iz in g  th e  i te ra t io n  c o u n te r

lis t_ o f_ s e le c te d _ fe a tu re s  =  [[] f o r  i in  ra n g e (s k f .n _ s p lits ) ]  # in it ia l iz in g  a  l is t  o f  l is t  to

s to re  th e  se le c te d  fe a tu re s  fo r  e a c h  i te ra tio n

fo r  tra in _ in d e x , v a l_ in d e x  in  s k f .s p li t(X _ tra in V a l,y _ tra in V a l) :

# in c re a s in g  th e  i te ra t io n

ite ra t io n  n u m b e r= ite ra t io n  n u m b er+ 1

262



# p r in tin g  w ith  c o lo r  (red )

p r in t( '\0 3 3 [3 1 m ' +  '\n C ro ss -V a lid a tio n  IT E R A T IO N  # ',i te ra t io n _ n u m b e r , 'o u t  

o f ,s k f .n _ s p li ts ,T T E R A T IO N S \n '+  '\0 3 3 [0 m ')

# d e f in in g  th e  tra in in g  se t a n d  th e  v a lid a tio n  se t fo r  e a c h  ite ra t io n  

X _ tra in , X _ v a l =  X _ tra in V a l[ tra in _ in d e x ] , X _ tra in V a l[v a l_ in d e x ]  

y _ tra in , y _ v a l =  y _ tra in V a l[ tra in _ in d e x ] , y _ tra in V a l[v a l_ in d e x ]

# s c a lin g  th e  tra in in g  se t

p r in t( '\n S c a lin g  th e  tra in in g  fo ld s  S T A R T E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')  

s c a le r  =  M in M a x S c a le r ( )

X _ tra in _ s c a le d = s c a le r .f i t_ tra n s fo rm (X _ tra in )

p r in t( 'S c a lin g  th e  tra in in g  fo ld s  E N D E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')  

# im p u tin g  th e  tra in in g  se t

p r in t( '\n Im p u tin g  th e  t ra in in g  fo ld s  S T A R T E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')  

im p u te r= I te ra t iv e Im p u te r(m a x _ ite r=  1 0 0 ,ra n d o m _ s ta te =  1, 

v e rb o s e = 0 ,m in _ v a lu e = 0 ,m a x _ v a lu e = 1 )

X _ tra in _ s c a le d _ im p u te d = im p u te r .f i t_ tra n s fo rm (X _ tra in _ s c a le d )  

p r in t( 'Im p u tin g  th e  t ra in in g  fo ld s  E N D E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')

# fe a tu re  s e le c tio n

p r in t( '\n F e a tu re  s e le c tio n  o n  th e  tra in in g  fo ld s  S T A R T E D  fo r  i te ra t io n  

# ',i te ra ti  o n _ n u m b e r)

r f= R a n d o m F o re s tC la s s if ie r (n _ jo b s = -1 , c la s s _ w e ig h t= 'b a la n c e d ')  # d e f in in g  ra n d o m
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f e a t_ s e le c to r  =  B o ru ta P y (r f ,  n _ e s tim a to rs = 'a u to ',m a x _ ite r= 5 0 0 , v e rb o se = 0 , 

ra n d o m _ s ta te = 1 )  # d e f in in g  B o ru ta  fe a tu re  se le c tio n  m e th o d

fe a t_ s e le c to r .f i t(X _ tra in _ s c a le d _ im p u te d , y _ tra in )  # f in d in g  all r e le v a n t  fea tu re s  

p r in t  ( '\n N u m b e r  o f  se le c te d  fe a tu re s : ',fe a t_ s e le c to r .n _ fe a tu re s _ )  

X _ tra in _ s c a le d _ im p u te d _ f il te re d  =  fe a t_ s e le c to r .tra n s fo rm (X _ tra in _ sc a le d _ im p u te d )  

# c a ll in g  th e  tra n s fo rm ()  to  f i l te r  th e  d a ta  d o w n  to  se le c te d  fe a tu re s  

p r in t( '\n V a r ia b le s  to  k e e p  b a s e d  o n  B o ru ta  fo r  i te ra tio n  

# ',i te ra tio n _ n u m b e r , ': \n ',X _ o r ig in a l.c o lu m n s [fe a t_ s e le c to r .s u p p o r t_ ] .v a lu e s )

# s to r in g  th e  se le c te d  fea tu re s  

l is t_ o f_ s e le c te d _ fe a tu re s [ ite ra t io n _ n u m b e r-1 ]  =  

X _ o r ig in a l .c o lu m n s [ fe a t_ se le c to r .s u p p o r t_ ] .v a lu e s

p r in t( '\n F e a tu re  s e le c tio n  o n  th e  tra in in g  fo ld s  E N D E D  fo r  i te ra t io n  

# ',i te ra ti  o n _ n u m b e r , '\n ')

# S M O T E

p r in t(" \n T h e  n u m b e r  o f  c la s se s  b e fo re  S M O T E  is :" , C o u n te r(y _ tra in ) )  

p r in t  ( '\n A p p ly in g  S M O T E  S T A R T E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')  

X _ tra in _ s c a le d _ im p u te d _ f il te re d _ sm ,y _ tra in _ s m = S M O T E (ra n d o m _ s ta te = 1 ,n _ jo b s = -  

1 ) .f i t_ re s a m p le (X _ tra in _ s c a le d _ im p u te d _ f il te re d ,y _ tra in )  

p r in t  ( 'A p p ly in g  S M O T E  E N D E D  fo r  i te ra t io n  # ',i te ra t io n _ n u m b e r , '\n ')  

p r in t(" T h e  n u m b e r  o f  c la s se s  a f te r  S M O T E  is :" , C o u n te r(y _ tra in _ s m ), '\n ')  

# tra n s fo rm in g  th e  v a lid a tio n  se t

p r in t( '\n S c a lin g , im p u tin g , a n d  d im e n s io n  re d u c tio n  fo r  th e  v a lid a tio n  fo ld  S T A R T E D

fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')



X _ v a l_ s c a le d  =  sc a le r .t ra n s fo rm (X _ v a l)

X _ v a l_ s c a le d _ im p u te d  =  im p u te r .tra n s fo rm (X _ v a l_ s c a le d )  

X _ v a l_ s c a le d _ im p u te d _ f il te re d = fe a t_ s e le c to r .tra n s fo rm (X _ v a l_ s c a le d _ im p u te d )  

p r in t( 'S c a lin g , im p u tin g , a n d  d im e n s io n  re d u c tio n  fo r  th e  v a lid a tio n  fo ld  E N D E D  fo r  

i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')

# w e  w a n t  to  d o  g r id se a rc h  n o w  fo r  e a c h  o n e  o f  th e  k -fo ld  ite ra tio n s , b u t  sk le a rn 's  

G r id S e a rc h C V  (w ith  c v = in te g e r)  in c lu d e s  c ro ss  v a lid a tio n  (w h ic h  is  n o t  n e e d e d  fo r  o u r  

c a se  b e c a u s e  w e  a lre a d y  u s e d  S tra tif ie d K F o ld )

# in  fac t, w h a t  is  n e e d e d  fo r  o u r  c a se  is  to  d o  g r id  se a rc h  th ro u g h  tra in in g  th e  d iffe re n t 

m o d e ls  (w ith  d if fe re n t  p a ra m e te rs )  o n  th e  tra in in g  a n d  g e ttin g  th e  a c c u ra c y  ( fo r  e a ch  

m o d e l)  o n  th e  v a lid a tio n  se t ( th is  a p p ro a c h  c a n n o t b e  d o n e  e a s ily  w ith  sk le a rn 's  

G r id S e a rc h C V  (w ith  c v = in te g e r))

# th e re fo re  w e  n e e d  to  d e fin e  th e  cv  p a ra m e te r  in  sk le a rn 's  G r id S e a rc h C V  d iffe re n tly  

(i.e ., b y  in c lu d in g  a  g e n e ra to r)  w h ic h  c o u ld  b e  d o n e  w ith  th e  h e lp  o f  sk le a rn 's  

P re d e f in e d S p li t( )

x  =  n p .c o n c a te n a te ( [X _ tra in _ s c a le d _ im p u te d _ f il te re d _ sm , 

X _ v a l_ s c a le d _ im p u te d _ f il te re d ] )  # c o m b in in g  th e  t ra in in g  a n d  v a lid a tio n  sa m p le s  fo r  th e  

in p u t v a r ia b le s

y  =  n p .c o n c a te n a te ( [y _ tra in _ s m , y _ v a l] )  # c o m b in in g  th e  t ra in in g  a n d  v a lid a tio n  

sa m p le s  fo r  th e  o u tp u t  v a r ia b le

# P re d e f in e d S p li t( )  re q u ire s  o n e  p a ra m e te r  ( te s t  fo ld )  th u s  w e  n e e d  to  d e f in e  i t  p ro p e r ly  

te s t_ fo ld  =  n p .c o n c a te n a te ( [

# s e tt in g  th e  te s t  fo ld  to  -1 fo r  th e  t ra in in g  sa m p le
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n p .fu ll(sh a p e = X _ tra in _ s c a le d _ im p u te d _ f i l te re d _ s m .s h a p e [0 ] ,f i l l_ v a lu e = -1 ) ,

# s e tt in g  th e  te s t  fo ld  to  0 fo r  th e  v a lid a tio n  sa m p le  

n p .z e ro s (X _ v a l_ s c a le d _ im p u te d _ f i l te re d .s h a p e [0 ] )

]) # te s t  fo ld  w ill  b e  in  th e  fo rm  o f  [ -1 .-1 .-1 .-1 .-1 ........ 0 ,0 ,0 .01  w h e re  th e  n u m b e r  o f  -1s

is  s iz e  o f  th e  tra in in g  se t a n d  th e  n u m b e r  o f  0 s  is  th e  s iz e  o f  th e  v a lid a tio n  se t 

cv  =  P re d e f in e d S p li t( te s t_ fo ld )

# d e f in in g  th e  g r id se a rc h  

g r id se a rc h  =

G rid S e a rc h C V (K N e ig h b o rs C la s s if ie r (a lg o r ith m = 'a u to ') ,{ " n _ n e ig h b o rs " : l is t( ra n g e (1 ,4 1 )) , ' 

w e ig h ts ':  [ 'u n ifo rm ', 'd is ta n c e '] , 'p ': [1 ,2 ]} ,c v = c v ,v e rb o s e = 2 ,n _ jo b s = -1) # s in c e  th e  's c o rin g ' 

p a ra m e te r  is  n o t  sp e c if ie d  fo r  th e  u s e d  G rid S e a rc h C V , th e  e s t im a to r ’s (h e re , K N N  

C la s s if ie r )  d e fa u lt  sc o re  m e th o d  is  u s e d  (h e re , 'A c c u ra c y ') .

# f it t in g  th e  g r id se a rc h

p r in t( '\n T ra in in g  S T A R T E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')  

g r id s e a rc h .f it(x ,y )

p r in t( 'T ra in in g  E N D E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')

# p r in t in g  th e  re su lts  o f  th e  g r id se a rc h

p r in t( '\n V a lid a tio n  R E S U L T S  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')  

p r in t(p d .D a ta F ra m e (g r id se a rc h .c v _ re s u lts _ ) [ [ 'p a ra m s ',  's p li t0 _ te s t_ s c o re '] ] )  # p r in tin g  

o n ly  th e  re su lts  o f  in te re s t

# s a v in g  th e  re su lts  in to  th e  c re a te d  d a ta f ra m e
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s u m m a ry _ a c c u ra c ie s _ p e rF o ld _ p e rH y p e rp a ra m e te rC o m b in a tio n = s u m m a ry _ a c c u ra c ie s _ p e
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rF o ld _ p e rH y p e rp a ra m e te rC o m b in a tio n .a p p e n d (p d .D a ta F ra m e (g r id s e a rc h .c v _ re s u lts_ ) [ [ 'p  

a ra m s ', 's p li t0 _ te s t_ s c o re '] ] )

# g e tt in g  th e  a v e ra g e  a c c u ra c ie s

a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m b in a tio n = s u m m a ry _ a c c u ra c ie s _ p e rF o ld _ p e r  

H y p e rp a ra m e te rC o m b in a tio n .g ro u p b y ( le v e l= 0 ) .m e a n ()  # g e tt in g  th e  a v e ra g e  a c c u ra c ie s  o f  

all fo ld s  P E R  H Y P E R P A R A M E T E R  C O M B IN A T IO N

# c h a n g in g  th e  n a m e  o f  th e  c o lu m n  f ro m  'splitQ  te s t  sco re ' to  'a v e ra g e  a c c u ra c ie s ' 

a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m b in a tio n .re n a m e (c o lu m n s = { " sp li t0 _ te s t_ s c o r  

e " : " a v e ra g e  a c c u ra c ie s " } ,in p la c e = T ru e )

# a d d in g  th e  h y p e rp a ra m e te r s ’ c o m b in a tio n  to  th e  a s so c ia te d  a v e ra g e s  

a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m b in a tio n [ 'p a ra m s ']= s u m m a ry _ a c c u ra c ie s _ p e r  

F o ld _ p e rH y p e rp a ra m e te rC o m b in a tio n .ilo c [ :a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m  

b in a t io n .in d e x .v a lu e s .m a x ()+ 1 ,:] [ 'p a ra m s ']

# g e tt in g  th e  b e s t  c o m b in a tio n  o f  h y p e rp a ra m e te r  a n d  th e  b e s t  a c c u ra c y  

a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m b in a tio n .s o r t_ v a lu e s (b y = 'a v e ra g e  

a c c u ra c ie s ',a s c e n d in g = F a ls e ,in p la c e = T ru e )  # s o r t in g  f ro m  h ig h e s t  to  lo w e s t  a c c u ra c y  

p r in t( 'H ig h e s t  a v e ra g e  a c c u ra c y  (o n  th e  v a lid a tio n  se t)  

is : ',ro u n d (a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m b in a tio n [ 'a v e ra g e  

a c cu rac ie s '].v a lu es[Q ]* 1 Q Q ,2 ),'% \n ')

best_param eters=average_accuracies_perH yperparam eterC om bination['param s'] .values[Q] 

p r in t( 'T h e  b e s t  h y p e rp a ra m e te rs  a re : ',b e s t_ p a ra m e te rs )

# d a ta  p re p a ra tio n  fo r  th e  te s t in g  se t

# s c a lin g  th e  tra in in g /v a lid a tio n  se t



p r in t( '\n S c a lin g  th e  8 0 %  tra in in g  se t S T A R T E D ')  

s c a le r  =  M in M a x S c a le r ( )

X _ tra in V a l_ s c a le d = s c a le r .f i t_ tra n s fo rm (X _ tra in V a l)  

p r in t( 'S c a lin g  th e  8 0 %  tra in in g  se t E N D E D \n ')

# im p u tin g  th e  tra in in g /v a lid a tio n  se t 

p r in t( 'Im p u tin g  th e  8 0 %  tra in in g  se t S T A R T E D ')

im p u te r= I te ra t iv e Im p u te r(m a x _ ite r=  1 0 0 ,ra n d o m _ s ta te =  1 ,v e rb o s e = 0 ,m in _ v a lu e = 0 ,m a x _ v  

a lu e = 1 )

X _ tra in V a l_ s c a le d _ im p u te d = im p u te r .f i t_ tra n s fo rm (X _ tra in V a l_ s c a le d )  

p r in t( 'Im p u tin g  th e  8 0 %  tra in in g  se t E N D E D \n ')

# fe a tu re  s e le c tio n

p r in t( 'R e d u c in g  th e  d im e n s io n  o f  th e  8 0 %  tra in in g  se t S T A R T E D ')

# g e tt in g  a ll th e  fe a tu re s  th a t  w e re  s e le c te d  ( i.e ., a ll th e  u n iq u e  v a lu e s  in  th e  v a r ia b le  

'l is t  o f  se le c te d  fe a tu re s ')

a l l_ s e le c te d _ fe a tu re s = lis t( s e t(c h a in (* lis t_ o f_ s e le c te d _ fe a tu re s ) ) )  # th is  is  a  lis t  

# g e tt in g  th e  in d ic e s  (b a se d  o n  th e ir  in it ia l  se q u e n c e )  o f  th e  se le c te d  fe a tu re s  

in d ic e s_ se le c te d _ fe a tu re s= [X _ o r ig in a l.c o lu m n s .g e t_ lo c (c )  fo r  c in  a ll_ s e le c te d _ fe a tu re s  

i f  c in  X _ o r ig in a l]

# re d u c in g  th e  d im e n s io n  o f  th e  t ra in in g /v a lid a tio n  se t
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p r in t( 'R e d u c in g  th e  d im e n s io n  o f  th e  8 0 %  tra in in g  se t E N D E D \n ')

# S M O T E

p r in t(" \n T h e  n u m b e r  o f  c la s se s  b e fo re  S M O T E  is :" , C o u n te r(y _ tra in V a l) )

p r in t  ( 'A p p ly in g  S M O T E  S T A R T E D  fo r  th e  8 0 %  tra in in g  se t S T A R T E D ')

X _ tra in V a l_ s c a le d _ im p u te d _ f i l te re d _ s m ,y _ tra in V a l_ s m = S M O T E (ra n d o m _ s ta te = 1 ,n _ jo b

s= -1 ) .f i t_ re s a m p le (X _ tra in V a l_ s c a le d _ im p u te d _ f il te re d ,y _ tra in V a l)

p r in t  ( 'A p p ly in g  S M O T E  E N D E D  fo r  th e  8 0 %  tra in in g  se t S T A R T E D ')

p r in t(" T h e  n u m b e r  o f  c la s se s  a f te r  S M O T E  is :" , C o u n te r(y _ tra in V a l_ s m ), '\n ')

t r a n s f o r m in g  th e  te s t in g  se t

p r in t( 'S c a lin g , im p u tin g , a n d  re d u c in g  th e  d im e n s io n s  o f  th e  2 0 %  te s t in g  se t S T A R T E D ')  

X _ te s t_ s c a le d  =  sc a le r .t ra n s fo rm (X _ te s t)

X _ te s t_ s c a le d _ im p u te d  =  im p u te r .tra n s fo rm (X _ te s t_ s c a le d )

X _ te s t_ s c a le d _ im p u te d _ f i l te re d = X _ te s t_ s c a le d _ im p u te d [ : ,in d ic e s _ se le c te d _ fe a tu re s ]  

p r in t( 'S c a lin g , im p u tin g , a n d  re d u c in g  th e  d im e n s io n s  o f  th e  2 0 %  te s t in g  se t E N D E D \n ')  

# a s s ig n in g  th e  b e s t  p a ra m e te rs  fo r  th e  K N N  a lg o r ith m  

b e s t_ m o d e l= K N e ig h b o rs C la s s if ie r (* * b e s t_ p a ra m e te rs )

# tra in in g  o n  th e  T ra in /V a l se t

b e s t_ m o d e l.f i t (X _ tra in V a l_ s c a le d _ im p u te d _ f il te re d _ s m ,y _ tra in V a l_ s m )

# p re d ic tio n

y_pred=best_model.predict(X_test_scaled_imputed_filtered)

# te s t in g  a c c u ra c y



p r in t( 'T e s t in g  A c c u ra c y : ',ro u n d (a c c u ra c y _ s c o re (y _ te s t ,  y _ p re d )* 1 0 0 ,2 ) , '% ')

# c la s s if ic a t io n  re p o r t

p r in t( '\n  C la s s if ic a tio n  R e p o r t: \n ',c la s s if ic a tio n _ re p o r t(y _ te s t ,y _ p re d ) )

# g e tt in g  th e  c o n fu s io n  m a tr ix

cm  =  c o n fu s io n _ m a tr ix (y _ te s t, y _ p re d )

# p r in tin g  th e  c o n fu s io n  m a tr ix  

p r in t( '\n  C la s s if ic a tio n  M a tr ix : \n ',c m )

# p lo tt in g  th e  c o n fu s io n  m a tr ix  

p lt.f ig u re (f ig s iz e = (6 ,6 ))

p lt.m a ts h o w (c m ,c m a p = p lt .c m .B lu e s ,f ig n u m = 1 )

p lt .c o lo rb a r( )

p lt .y la b e l( 'T ru e  H a z a rd  L e v e l\n ',fo n ts iz e = 2 0 )

p lt .x t ic k s (n p .a ra n g e (3 ) ,[ 'L o w ', 'S ig n if ic a n t ', 'H ig h '] ,fo n ts iz e = 2 0 ,ro ta t io n = 4 5 )  

p lt.y tic k s (n p .a ra n g e (3 ) ,[ 'L o w ', 'S ig n if ic a n t ', 'H ig h '] ,fo n ts iz e = 2 0 )  

p l t .x la b e l( '\n P re d ic te d  H a z a rd  L e v e l ',fo n ts iz e = 2 0 )  

fo r  (i, j ) ,  z  in  n p .n d e n u m e ra te (c m ):

p lt.te x t( j, i, '{ :0 .0 f} '.fo rm a t(z ) , h a = 'c e n te r ',  

v a = 'c e n te r ',c o lo r= 're d ',fo n tw e ig h t= 'b o ld ',fo n ts iz e = 2 0 )  

p lt.s h o w ()

# g e tt in g  th e  n o rm a liz e d  c o n fu s io n  m a tr ix

c m n  =  c m .a s ty p e ( 'f lo a t ')  /  c m .su m (a x is= 1 )[ :, n p .n e w a x is ]

# p r in t in g  th e  n o rm a liz e d  c o n fu s io n  m a tr ix
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p r in t( '\n  N o rm a liz e d  C la s s if ic a tio n  M a tr ix : \n ',c m n )

# p lo tt in g  th e  n o rm a liz e d  c o n fu s io n  m a tr ix  

p lt.f ig u re (f ig s iz e = (6 ,6 ))

p lt.m a ts h o w (c m n ,c m a p = p lt .c m .B lu e s ,v m in = 0 , v m a x =  1 ,f ig n u m = 1 ) 

p lt .c o lo rb a r( )

p lt .y la b e l( 'T ru e  H a z a rd  L e v e l\n ',fo n ts iz e = 2 0 )

p lt .x t ic k s (n p .a ra n g e (3 ) ,[ 'L o w ', 'S ig n if ic a n t ', 'H ig h '] ,fo n ts iz e = 2 0 ,ro ta t io n = 4 5 )  

p lt.y tic k s (n p .a ra n g e (3 ) ,[ 'L o w ', 'S ig n if ic a n t ', 'H ig h '] ,fo n ts iz e = 2 0 )  

p l t .x la b e l( '\n P re d ic te d  H a z a rd  L e v e l ',fo n ts iz e = 2 0 )  

fo r  (i, j ) ,  z  in  n p .n d e n u m e ra te (c m n ):

p lt.te x t( j, i, '{ :0 .2 f} '.fo rm a t(z ) , h a = 'c e n te r ',  

v a = 'c e n te r ',c o lo r= 're d ',fo n tw e ig h t= 'b o ld ',fo n ts iz e = 2 0 )  

p lt.s h o w ()

# g e tt in g  th e  im p o r ta n c e  o f  th e  se le c te d  fe a tu re s

# d e f in in g  th e  a lg o r ith m  to  b e  u s e d

fo re s t  =  R a n d o m F o re s tC la s s if ie r ( ra n d o m _ s ta te = 1 )

# f it t in g  th e  a lg o r ith m  o n  th e  tra in in g /v a lid a tio n  d a ta  

fo re s t.f i t(X _ tra in V a l_ s c a le d _ im p u te d _ f i l te re d _ s m ,y _ tra in V a l_ s m )

# g e tt in g  th e  im p o r ta n c e  o f  ea ch  fe a tu re  

im p o r ta n c e s  =  fo re s t .fe a tu re _ im p o r ta n c e s _

# g e tt in g  th e  s ta n d a rd  d e v ia tio n  o f  e a c h  fe a tu re  

s td  =  n p .s td ( [ tre e .fe a tu re _ im p o r ta n c e s _  fo r  tre e  in  fo re s t .e s tim a to rs_ ] , 

a x is= 0 )
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# g e tt in g  th e  in d ic e s  (b a se d  o n  th e  re d u c e d  s ize ; i .e ., f ro m  0 to  m a x im u m  n u m b e r  o f  

se le c te d  fe a tu re s  -1 )  o f  e a c h  fe a tu re  

in d ic e s  =  n p .a rg s o r t( im p o r ta n c e s ) [ ::-1 ]

# p r in tin g  th e  fe a tu re  ra n k in g  

p r in t(" F e a tu re  ra n k in g :\n " )

fo r  i,j in  z ip  (X _ o r ig in a l.c o lu m n s [ in d ic e s _ s e le c te d _ fe a tu re s ] [ in d ic e s ] , 

im p o r ta n c e s [ in d ic e s ]) :  

p r in t( i ,j)

# p lo tt in g  th e  im p u r ity -b a s e d  fe a tu re  im p o r ta n c e  o f  th e  fo re s t

p lt.f ig u re (f ig s iz e = (1 0 ,8 ))

p lt.t i t le (" F e a tu re  im p o r ta n c e s \n " ,fo n ts iz e = 1 6 )

p lt.b a rh (ra n g e (X _ tra in V a l_ sc a le d _ im p u te d _ f i l te re d _ s m .sh a p e [1 ]) ,

n p .f l ip ( im p o r ta n c e s [ in d ic e s ] ) ,  # n p .f lip  is  u s e d  so  th a t  to  v isu a liz e  th e  p lo t f ro m  th e

h ig h e s t  im p o r ta n c e  to  th e  lo w e s t

c o lo r= " r" , x e rr= n p .f l ip (s td [ in d ic e s ] ) ,  a lig n = "c e n te r" )  # n p .f lip  is  u s e d  so  th a t  to  

v isu a liz e  th e  p lo t  f ro m  th e  h ig h e s t  im p o r ta n c e  to  th e  lo w e s t  

p lt.y t ic k s ( ra n g e (X _ tra in V a l_ s c a le d _ im p u te d _ f il te re d _ sm .s h a p e [1 ] ) , 

n p .f l ip (X _ o r ig in a l .c o lu m n s [ in d ic e s _ s e le c te d _ fe a tu re s ] [ in d ic e s ] ) ,fo n ts iz e = 1 6 )  # n p .f lip  is  

u s e d  so  th a t  to  v isu a liz e  th e  p lo t  f ro m  th e  h ig h e s t  im p o r ta n c e  to  th e  lo w e s t  

p l t.x t ic k s ( fo n ts iz e = 1 6 )

plt.ylim([-1, X_trainVal_scaled_imputed_filtered_sm.shape[1]])
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p lt.s h o w ()

# T h e  P y th o n  c o d e  fo r  th e  A N N  a lg o r ith m  is  as fo llo w s:

sk f= S tra t if ie d K F o ld (n _ s p lits = 5 ,ra n d o m _ s ta te = 1 ,s h u ff le = T ru e )  # c h o o s in g  h o w  m a n y  

fo ld s  w e  w a n t  th ro u g h  th e  'n  sp lits ' p a ra m e te r

su m m a ry _ a c c u ra c ie s _ p e rF o ld _ p e rH y p e rp a ra m e te rC o m b in a tio n = p d .D a ta F ra m e ()  

# in it ia l iz in g  a  d a ta f ra m e  th a t  w ill  s to re  th e  o b ta in e d  a c c u ra c ie s  o n  th e  v a lid a tio n  se t 

i te ra t io n _ n u m b e r= 0  # in it ia l iz in g  th e  i te ra t io n  c o u n te r

lis t_ o f_ s e le c te d _ fe a tu re s  =  [[] f o r  i in  ra n g e (s k f .n _ s p lits ) ]  # in it ia l iz in g  a  l is t  o f  l is t  to

s to re  th e  se le c te d  fe a tu re s  fo r  e a c h  i te ra tio n

fo r  tra in _ in d e x , v a l_ in d e x  in  s k f .s p li t(X _ tra in V a l,y _ tra in V a l) :

# in c re a s in g  th e  i te ra t io n

ite ra ti o n _ n u m b e r= ite ra t i  o n _ n u m b e r+ 1

# p r in tin g  w ith  c o lo r  (red )

p r in t( '\0 3 3 [3 1 m ' +  '\n C ro ss -V a lid a tio n  IT E R A T IO N  # ',i te ra t io n _ n u m b e r , 'o u t  

of1,s k f .n _ s p lits , 'IT E R A T IO N S \n '+  '\0 3 3 [0 m ')

# d e f in in g  th e  tra in in g  se t a n d  th e  v a lid a tio n  se t fo r  e a c h  i te ra tio n  

X _ tra in , X _ v a l =  X _ tra in V a l[ tra in _ in d e x ] , X _ tra in V a l[v a l_ in d e x ]  

y _ tra in , y _ v a l =  y _ tra in V a l[ tra in _ in d e x ] , y _ tra in V a l[v a l_ in d e x ]

# s c a lin g  th e  tra in in g  se t

p r in t( '\n S c a lin g  th e  tra in in g  fo ld s  S T A R T E D  fo r  i te ra t io n  # ',i te ra t io n _ n u m b e r , '\n ')  

s c a le r  =  M in M a x S c a le r ( )

X _ tra in _ s c a le d = s c a le r .f i t_ tra n s fo rm (X _ tra in )



p r in t( 'S c a lin g  th e  tra in in g  fo ld s  E N D E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')  

# im p u tin g  th e  tra in in g  se t

p r in t( '\n Im p u tin g  th e  t ra in in g  fo ld s  S T A R T E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')  

im p u te r= I te ra t iv e Im p u te r(m a x _ ite r=  1 0 0 ,ra n d o m _ s ta te =  1, 

v e rb o s e = 0 ,m in _ v a lu e = 0 ,m a x _ v a lu e = 1 )

X _ tra in _ s c a le d _ im p u te d = im p u te r .f i t_ tra n s fo rm (X _ tra in _ s c a le d )  

p r in t( 'Im p u tin g  th e  t ra in in g  fo ld s  E N D E D  fo r  i te ra t io n  # ',i te ra t io n _ n u m b e r , '\n ')

# fe a tu re  s e le c tio n

p r in t( '\n F e a tu re  s e le c tio n  o n  th e  tra in in g  fo ld s  S T A R T E D  fo r  i te ra t io n  

# ',i te ra ti  o n _ n u m b e r)

r f= R a n d o m F o re s tC la s s if ie r (n _ jo b s = -1 , c la s s _ w e ig h t= 'b a la n c e d ')  # d e f in in g  ra n d o m  

fo re s t  c la s s if ie r

fe a t_ s e le c to r  =  B o ru ta P y (r f ,  n _ e s tim a to rs = 'a u to ',m a x _ ite r= 5 0 0 , v e rb o se = 0 , 

ra n d o m _ s ta te = 1 )  # d e f in in g  B o ru ta  fe a tu re  se le c tio n  m e th o d

fe a t_ s e le c to r .f i t(X _ tra in _ s c a le d _ im p u te d , y _ tra in )  # f in d in g  all r e le v a n t  fea tu re s  

p r in t  ( '\n N u m b e r  o f  se le c te d  fe a tu re s : ',fe a t_ s e le c to r .n _ fe a tu re s _ )  

X _ tra in _ s c a le d _ im p u te d _ f il te re d  =  fe a t_ s e le c to r .tra n s fo rm (X _ tra in _ sc a le d _ im p u te d )  

# c a ll in g  th e  tra n s fo rm ()  to  f i l te r  th e  d a ta  d o w n  to  se le c te d  fe a tu re s  

p r in t( '\n V a r ia b le s  to  k e e p  b a s e d  o n  B o ru ta  fo r  i te ra t io n  

# ',i te ra tio n _ n u m b e r , ': \n ',X _ o r ig in a l.c o lu m n s [fe a t_ s e le c to r .s u p p o r t_ ] .v a lu e s )

# s to r in g  th e  se le c te d  fea tu re s  

l is t_ o f_ s e le c te d _ fe a tu re s [ ite ra t io n _ n u m b e r-1 ]  = 

X _ o r ig in a l .c o lu m n s [ fe a t_ se le c to r .s u p p o r t_ ] .v a lu e s
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p r in t( '\n F e a tu re  s e le c tio n  o n  th e  tra in in g  fo ld s  E N D E D  fo r  i te ra t io n  

# ',i te ra ti  o n _ n u m b e r , '\n ')

# S M O T E

p r in t(" \n T h e  n u m b e r  o f  c la s se s  b e fo re  S M O T E  is :" , C o u n te r(y _ tra in ) )  

p r in t  ( '\n A p p ly in g  S M O T E  S T A R T E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')  

X _ tra in _ s c a le d _ im p u te d _ f il te re d _ sm ,y _ tra in _ s m = S M O T E (ra n d o m _ s ta te = 1 ,n _ jo b s = -  

1 ) .f i t_ re s a m p le (X _ tra in _ s c a le d _ im p u te d _ f il te re d ,y _ tra in )  

p r in t  ( 'A p p ly in g  S M O T E  E N D E D  fo r  i te ra t io n  # ',i te ra t io n _ n u m b e r , '\n ')  

p r in t(" T h e  n u m b e r  o f  c la s se s  a f te r  S M O T E  is :" , C o u n te r(y _ tra in _ s m ), '\n ')

t r a n s f o r m in g  th e  v a lid a tio n  se t

p r in t( '\n S c a lin g , im p u tin g , a n d  d im e n s io n  re d u c tio n  fo r  th e  v a lid a tio n  fo ld  S T A R T E D  

fo r  i te ra t io n  # ',i te ra t io n _ n u m b e r , '\n ')

X _ v a l_ s c a le d  =  sc a le r .t ra n s fo rm (X _ v a l)

X _ v a l_ s c a le d _ im p u te d  =  im p u te r .tra n s fo rm (X _ v a l_ s c a le d )  

X _ v a l_ s c a le d _ im p u te d _ f il te re d = fe a t_ s e le c to r .tra n s fo rm (X _ v a l_ s c a le d _ im p u te d )  

p r in t( 'S c a lin g , im p u tin g , a n d  d im e n s io n  re d u c tio n  fo r  th e  v a lid a tio n  fo ld  E N D E D  fo r  

ite ra ti o n  # ',i te ra ti  o n _ n u m b e r , '\n ')

# w e  w a n t  to  d o  g r id se a rc h  n o w  fo r  e a c h  o n e  o f  th e  k -fo ld  ite ra tio n s , b u t  sk le a rn 's  

G r id S e a rc h C V  (w ith  c v = in te g e r)  in c lu d e s  c ro ss  v a lid a tio n  (w h ic h  is  n o t  n e e d e d  fo r  o u r

c a se  b e c a u s e  w e  a lre a d y  u s e d  S tra tif ie d K F o ld )
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# in  fac t, w h a t  is  n e e d e d  fo r  o u r  c a se  is  to  d o  g r id  se a rc h  th ro u g h  t ra in in g  th e  

d if fe re n t  m o d e ls  (w ith  d if fe re n t  p a ra m e te rs )  o n  th e  t ra in in g  a n d  g e ttin g  th e  a c c u ra c y  ( fo r  

e a c h  m o d e l)  o n  th e  v a lid a tio n  se t ( th is  a p p ro a c h  c a n n o t b e  d o n e  e a s ily  w ith  sk le a rn 's  

G r id S e a rc h C V  (w ith  c v = in te g e r))

# th e re fo re  w e  n e e d  to  d e fin e  th e  cv  p a ra m e te r  in  sk le a rn 's  G r id S e a rc h C V  d iffe re n tly  

(i.e ., b y  in c lu d in g  a  g e n e ra to r)  w h ic h  c o u ld  b e  d o n e  w ith  th e  h e lp  o f  sk le a rn 's  

P re d e f in e d S p litO

x  =  n p .c o n c a te n a te ( [X _ tra in _ s c a le d _ im p u te d _ f il te re d _ sm , 

X _ v a l_ s c a le d _ im p u te d _ f il te re d ] )  # c o m b in in g  th e  t ra in in g  a n d  v a lid a tio n  sa m p le s  fo r  th e  

in p u t v a r ia b le s

y  =  n p .c o n c a te n a te ( [y _ tra in _ s m , y _ v a l] )  # c o m b in in g  th e  t ra in in g  a n d  v a lid a tio n  

sa m p le s  fo r  th e  o u tp u t  v a r ia b le

# P re d e f in e d S p li t( )  re q u ire s  o n e  p a ra m e te r  ( te s t  fo ld )  th u s  w e  n e e d  to  d e f in e  i t  p ro p e r ly  

te s t_ fo ld  =  n p .c o n c a te n a te ( [

# s e tt in g  th e  te s t  fo ld  to  -1 fo r  th e  t ra in in g  sa m p le

n p .fu ll(sh a p e = X _ tra in _ s c a le d _ im p u te d _ f i l te re d _ s m .s h a p e [0 ] ,f i l l_ v a lu e = -1 ) ,

# s e tt in g  th e  te s t  fo ld  to  0 fo r  th e  v a lid a tio n  sa m p le  

n p .z e ro s (X _ v a l_ s c a le d _ im p u te d _ f i l te re d .s h a p e [0 ] )

]) # te s t  fo ld  w ill  b e  in  th e  fo rm  o f  [ -1 ,-1 ,-1 ,-1 ,-1 ........ 0 ,0 ,0 ,01  w h e re  th e  n u m b e r  o f  -1s

is  s iz e  o f  th e  tra in in g  se t a n d  th e  n u m b e r  o f  0 s  is  th e  s ize  o f  th e  v a lid a tio n  se t 

cv  =  P re d e f in e d S p li t( te s t_ fo ld )

# d e f in in g  th e  g r id se a rc h
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g r id s e a rc h  =  G r id S e a rc h C V

(M L P C la s s if ie r ( ra n d o m _ s ta te = 1 ) ,{ 'h id d e n _ la y e r_ s iz e s ':  [(1 ,1 ), (2 ,2 ), (3 ,3 ), (4 ,4 ), (5 ,5 ), 

(6 ,6 ), (7 ,7 ), (8 ,8 ), (9 ,9 ), (1 0 ,1 0 ),

(1 ,1 ,1 ) , (2 ,2 ,2 ) , (3 ,3 ,3 ) , (4 ,4 ,4 ),

(5 ,5 ,5 ) , (6 ,6 ,6 ) , (7 ,7 ,7 ) , (8 ,8 ,8 ) , (9 ,9 ,9 ) , (1 0 ,1 0 ,1 0 ) ,

(1 .1 .1 .1 )  , (2 ,2 ,2 ,2 ) , (3 ,3 ,3 ,3 ) ,

(4 .4 .4 .4 )  , (5 ,5 ,5 ,5 ) , (6 ,6 ,6 ,6 ) , (7 ,7 ,7 ,7 ) , (8 ,8 ,8 ,8 ) , (9 ,9 ,9 ,9 ) , (1 0 ,1 0 ,1 0 ,1 0 ),

(1 .1 .1 .1 .1 )  , (2 ,2 ,2 ,2 ,2 ) , (3 ,3 ,3 ,3 ,3 ) ,

(4 .4 .4 .4 .4 )  , (5 ,5 ,5 ,5 ,5 ) , (6 ,6 ,6 ,6 ,6 ) , (7 ,7 ,7 ,7 ,7 ) , (8 ,8 ,8 ,8 ,8 ) , (9 ,9 ,9 ,9 ,9 ) , (1 0 ,1 0 ,1 0 ,1 0 ,1 0 ) ,

(1 .1 .1 .1 .1 .1 )  , (2 ,2 ,2 ,2 ,2 ,2 ) ,

(3 ,3 ,3 ,3 ,3 ,3 ) , (4 ,4 ,4 ,4 ,4 ,4 ) , (5 ,5 ,5 ,5 ,5 ,5 ) , (6 ,6 ,6 ,6 ,6 ,6 ) , (7 ,7 ,7 ,7 ,7 ,7 ) , (8 ,8 ,8 ,8 ,8 ,8 ) , 

(9 ,9 ,9 ,9 ,9 ,9 ) , (1 0 ,1 0 ,1 0 ,1 0 ,1 0 ,1 0 )] ,

'so lv e r ' :[ 'a d a m '] ,'a lp h a ':  [0 .0 0 0 1 , 

0 .0 5 ] , 'b a tc h _ s iz e ':[3 2 , 64 , 128, 2 5 6 ] , 'le a rn in g _ ra te _ in it ': [0 .1 ,

0 .0 0 1 ]} ,c v = c v ,v e rb o s e = 2 ,n _ jo b s = -1 )  # s in c e  th e  's c o r in g ' p a ra m e te r  is  n o t  sp e c if ie d  fo r  

th e  u s e d  G r id S e a rc h C V , th e  e s t im a to r ’s (h e re , A N N  C la s s if ie r )  d e fa u lt  s c o re  m e th o d  is  

u s e d  (h e re , 'A c c u rac y ') .

# f it t in g  th e  g r id se a rc h

p r in t( '\n T ra in in g  S T A R T E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')  

g r id s e a rc h .f it(x ,y )

p r in t( 'T ra in in g  E N D E D  fo r  i te ra t io n  # ', i te ra t io n _ n u m b e r , '\n ')

# p r in t in g  th e  re su lts  o f  th e  g r id se a rc h

print('\nValidation RESULTS for iteration #',iteration_number,'\n')
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p r in t(p d .D a ta F ra m e (g r id se a rc h .c v _ re s u lts _ ) [ [ 'p a ra m s ',  's p li t0 _ te s t_ s c o re '] ] )  

# p r in t in g  o n ly  th e  re su lts  o f  in te re s t

# s a v in g  th e  re su lts  in to  th e  c re a te d  d a ta f ra m e

s u m m a ry _ a c c u ra c ie s _ p e rF o ld _ p e rH y p e rp a ra m e te rC o m b in a tio n = s u m m a ry _ a c c u ra c ie s _ p e  

rF o ld _ p e rH y p e rp a ra m e te rC o m b in a tio n .a p p e n d (p d .D a ta F ra m e (g r id s e a rc h .c v _ re s u lts_ ) [ [ 'p  

a ra m s ', 's p li t0 _ te s t_ s c o re '] ] )

# g e tt in g  th e  a v e ra g e  a c c u ra c ie s

a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m b in a tio n = s u m m a ry _ a c c u ra c ie s _ p e rF o ld _ p e r  

H y p e rp a ra m e te rC o m b in a tio n .g ro u p b y ( le v e l= 0 ) .m e a n ()  # g e tt in g  th e  a v e ra g e  a c c u ra c ie s  o f  

all fo ld s  P E R  H Y P E R P A R A M E T E R  C O M B IN A T IO N

# c h a n g in g  th e  n a m e  o f  th e  c o lu m n  f ro m  'splitQ  te s t  sco re ' to  'a v e ra g e  a c c u ra c ie s ' 

a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m b in a tio n .re n a m e (c o lu m n s = { " sp li t0 _ te s t_ s c o r  

e " : " a v e ra g e  a c c u ra c ie s " } ,in p la c e = T ru e )

# a d d in g  th e  h y p e rp a ra m e te r s ’ c o m b in a tio n  to  th e  a s so c ia te d  a v e ra g e s  

a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m b in a tio n [ 'p a ra m s ']= s u m m a ry _ a c c u ra c ie s _ p e r  

F o ld _ p e rH y p e rp a ra m e te rC o m b in a tio n .ilo c [ :a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m  

b in a t io n .in d e x .v a lu e s .m a x ()+ 1 ,:] [ 'p a ra m s ']

# g e tt in g  th e  b e s t  c o m b in a tio n  o f  h y p e rp a ra m e te r  a n d  th e  b e s t  a c c u ra c y  

a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m b in a tio n .s o r t_ v a lu e s (b y = 'a v e ra g e  

a c c u ra c ie s ',a s c e n d in g = F a ls e ,in p la c e = T ru e )  # s o r t in g  f ro m  h ig h e s t  to  lo w e s t  a c c u ra c y



p r in t( 'H ig h e s t  a v e ra g e  a c c u ra c y  (o n  th e  v a lid a tio n  se t)

is : ',ro u n d (a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m b in a tio n [ 'a v e ra g e

a c c u ra c ie s '] .v a lu e s [0 ]* 1 0 0 ,2 ) , '% \n ')

b e s t_ p a ra m e te rs= a v e ra g e _ a c c u ra c ie s _ p e rH y p e rp a ra m e te rC o m b in a tio n [ 'p a ra m s '] .v a lu e s [0

]

p r in t( 'T h e  b e s t  h y p e rp a ra m e te rs  a re : ',b e s t_ p a ra m e te rs )

# d a ta  p re p a ra tio n  fo r  th e  te s t in g  se t

# s c a lin g  th e  tra in in g /v a lid a tio n  se t 

p r in t( '\n S c a lin g  th e  8 0 %  tra in in g  se t S T A R T E D ')  

s c a le r  =  M in M a x S c a le r ( )

X _ tra in V a l_ s c a le d = s c a le r .f i t_ tra n s fo rm (X _ tra in V a l)  

p r in t( 'S c a lin g  th e  8 0 %  tra in in g  se t E N D E D \n ')

# im p u tin g  th e  tra in in g /v a lid a tio n  se t 

p r in t( 'Im p u tin g  th e  8 0 %  tra in in g  se t S T A R T E D ')

im p u te r= I te ra t iv e Im p u te r(m a x _ ite r=  1 0 0 ,ra n d o m _ s ta te =  1 ,v e rb o s e = 0 ,m in _ v a lu e = 0 ,m a x _ v  

a lu e = 1 )

X _ tra in V a l_ s c a le d _ im p u te d = im p u te r .f i t_ tra n s fo rm (X _ tra in V a l_ s c a le d )  

p r in t( 'Im p u tin g  th e  8 0 %  tra in in g  se t E N D E D \n ')

# fe a tu re  s e le c tio n
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# g e tt in g  a ll th e  fe a tu re s  th a t  w e re  s e le c te d  ( i.e ., a ll th e  u n iq u e  v a lu e s  in  th e  v a r ia b le  

'l is t  o f  se le c te d  fe a tu re s ')

a l l_ s e le c te d _ fe a tu re s = lis t( s e t(c h a in (* lis t_ o f_ s e le c te d _ fe a tu re s ) ) )  # th is  is  a  lis t  

# g e tt in g  th e  in d ic e s  (b a se d  o n  th e ir  in itia l se q u e n c e )  o f  th e  se le c te d  fe a tu re s  

in d ic e s_ se le c te d _ fe a tu re s= [X _ o r ig in a l.c o lu m n s .g e t_ lo c (c )  fo r  c in  a ll_ s e le c te d _ fe a tu re s  

i f  c in  X _ o rig in a l]

# re d u c in g  th e  d im e n s io n  o f  th e  t ra in in g /v a lid a tio n  se t

X _ tra in V a l_ s c a le d _ im p u te d _ f i l te re d = X _ tra in V a l_ s c a le d _ im p u te d [ : ,in d ic e s _ s e le c te d _ fe a t

u re s ]

p r in t( 'R e d u c in g  th e  d im e n s io n  o f  th e  8 0 %  tra in in g  se t E N D E D \n ')

# S M O T E

p r in t(" \n T h e  n u m b e r  o f  c la s se s  b e fo re  S M O T E  is :" , C o u n te r(y _ tra in V a l) )

p r in t  ( 'A p p ly in g  S M O T E  S T A R T E D  fo r  th e  8 0 %  tra in in g  se t S T A R T E D ')

X _ tra in V a l_ s c a le d _ im p u te d _ f i l te re d _ s m ,y _ tra in V a l_ s m = S M O T E (ra n d o m _ s ta te = 1 ,n _ jo b

s= -1 ) .f i t_ re s a m p le (X _ tra in V a l_ s c a le d _ im p u te d _ f il te re d ,y _ tra in V a l)

p r in t  ( 'A p p ly in g  S M O T E  E N D E D  fo r  th e  8 0 %  tra in in g  se t S T A R T E D ')

p r in t(" T h e  n u m b e r  o f  c la s se s  a f te r  S M O T E  is :" , C o u n te r(y _ tra in V a l_ s m ), '\n ')

t r a n s f o r m in g  th e  te s t in g  se t

p r in t( 'S c a lin g , im p u tin g , a n d  re d u c in g  th e  d im e n s io n s  o f  th e  2 0 %  te s t in g  se t S T A R T E D ')  

X _ te s t_ s c a le d  =  sc a le r .t ra n s fo rm (X _ te s t)

X _ te s t_ s c a le d _ im p u te d  =  im p u te r .tra n s fo rm (X _ te s t_ s c a le d )
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X _ te s t_ s c a le d _ im p u te d _ f i l te re d = X _ te s t_ s c a le d _ im p u te d [ : ,in d ic e s _ se le c te d _ fe a tu re s ]  

p r in t( 'S c a lin g , im p u tin g , a n d  re d u c in g  th e  d im e n s io n s  o f  th e  2 0 %  te s t in g  se t E N D E D \n ')  

# a s s ig n in g  th e  b e s t  p a ra m e te rs  fo r  th e  A N N  a lg o r ith m  

b e s t_ m o d e l = M L P C la s s if ie r (* * b e s t_ p a ra m e te rs )

# tra in in g  o n  th e  T ra in /V a l se t

b e s t_ m o d e l.f i t (X _ tra in V a l_ s c a le d _ im p u te d _ f il te re d _ s m ,y _ tra in V a l_ s m )

# p re d ic tio n

y _ p re d = b e s t_ m o d e l.p re d ic t(X _ te s t_ s c a le d _ im p u te d _ f i l te re d )

# te s t in g  a c c u ra c y

p r in t( 'T e s t in g  A c c u ra c y : ',ro u n d (a c c u ra c y _ s c o re (y _ te s t ,  y _ p re d )* 1 0 0 ,2 ) , '% ')  

# c la s s if ic a t io n  re p o r t

p r in t( '\n  C la s s if ic a tio n  R e p o r t: \n ',c la s s if ic a tio n _ re p o r t(y _ te s t ,y _ p re d ) )

# g e tt in g  th e  c o n fu s io n  m a tr ix

cm  =  c o n fu s io n _ m a tr ix (y _ te s t, y _ p re d )

# p r in tin g  th e  c o n fu s io n  m a tr ix  

p r in t( '\n  C la s s if ic a tio n  M a tr ix : \n ',c m )

# p lo tt in g  th e  c o n fu s io n  m a tr ix  

p lt.f ig u re (f ig s iz e = (6 ,6 ))

p lt.m a ts h o w (c m ,c m a p = p lt .c m .B lu e s ,f ig n u m = 1 )

p lt .c o lo rb a r( )

p lt .y la b e l( 'T ru e  H a z a rd  L e v e l\n ',fo n ts iz e = 2 0 )

p lt.x tic k s (n p .a ra n g e (3 ) ,[ 'L o w ', 'S ig n if ic a n t ', 'H ig h '] ,fo n ts iz e = 2 0 ,ro ta t io n = 4 5 )

p lt.y tic k s (n p .a ra n g e (3 ) ,[ 'L o w ', 'S ig n if ic a n t ', 'H ig h '] ,fo n ts iz e = 2 0 )
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p lt .x la b e l( '\n P re d ic te d  H a z a rd  L e v e l ',fo n ts iz e = 2 0 )  

fo r  (i, j ) ,  z  in  n p .n d e n u m e ra te (c m ):

p lt.te x t( j, i, '{ :0 .0 f} '.fo rm a t(z ) , h a = 'c e n te r ',  

v a = 'c e n te r ',c o lo r= 're d ',fo n tw e ig h t= 'b o ld ',fo n ts iz e = 2 0 )  

p lt.s h o w ()

# g e tt in g  th e  n o rm a liz e d  c o n fu s io n  m a tr ix

c m n  =  c m .a s ty p e ( 'f lo a t ')  /  c m .su m (a x is= 1 )[ :, n p .n e w a x is ]

# p r in t in g  th e  n o rm a liz e d  c o n fu s io n  m a tr ix  

p r in t( '\n  N o rm a liz e d  C la s s if ic a tio n  M a tr ix : \n ',c m n )

# p lo tt in g  th e  n o rm a liz e d  c o n fu s io n  m a tr ix  

p lt.f ig u re (f ig s iz e = (6 ,6 ))

p lt.m a ts h o w (c m n ,c m a p = p lt .c m .B lu e s ,v m in = 0 , v m a x =  1 ,f ig n u m = 1 ) 

p lt .c o lo rb a r( )

p lt .y la b e l( 'T ru e  H a z a rd  L e v e l\n ',fo n ts iz e = 2 0 )

p lt .x t ic k s (n p .a ra n g e (3 ) ,[ 'L o w ', 'S ig n if ic a n t ', 'H ig h '] ,fo n ts iz e = 2 0 ,ro ta t io n = 4 5 )  

p lt.y tic k s (n p .a ra n g e (3 ) ,[ 'L o w ', 'S ig n if ic a n t ', 'H ig h '] ,fo n ts iz e = 2 0 )  

p l t .x la b e l( '\n P re d ic te d  H a z a rd  L e v e l ',fo n ts iz e = 2 0 )  

fo r  (i, j ) ,  z  in  n p .n d e n u m e ra te (c m n ):

p lt.te x t( j, i, '{ :0 .2 f} '.fo rm a t(z ) , h a = 'c e n te r ',  

v a = 'c e n te r ',c o lo r= 're d ',fo n tw e ig h t= 'b o ld ',fo n ts iz e = 2 0 )  

p lt.s h o w ()
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T h e  fo llo w in g  e q u a tio n s , E q u a tio n  B 1  to  B 2 5 , sh o w  th e  f i t te d  c u m u la tiv e  

d is tr ib u tio n  fu n c tio n s  fo r  th e  25  p ro je c t  r isk s  p re s e n t  in  S e c tio n  3.

F ( c )  =

0 i f  0 < c <  0.11425 
1.453c-0 .1 6 6  i f  0.11425 < c < 0.80242

1 j /  0.80242 < c < 1

T 0 j /  0 < c < 0.068548
F '(C) = (1.07360c -  0.07360 j /  0.068548 < c < 1

1.011
E(c) = ------ ------------------- 4.5594 /o r  0 < c < 1

1 + 1
c + 0.087114 

0.40462

(B1)

(B2)

(B3)

{

F(c) = 1 1

v

0

•C -  0.0059025 
0.9620375 

1

1 .7421 -13.7056

j /  0 < c < 0.0059025

j /  0.0059025 < c < 0.96794 

j /  0.96794 < c < 1

(B4)

F(c) =

r 1 .1 5 7 C + 0 .0 4

—0.009 + 22.88 J t 1 1 6 6 (1 -  t ) 2  8 3 4 dt j /  0 < c < 0.82989 

j /  0.82989 < c < 1
(B5)

/ 'C + 0 .4 3 2 3 8 '\ - 4 '8001
F(c) = -0.022 + 1.034e (  0.57212  ) (B6)

F(co)

0
13.18c2 - 2 .6 6 c + 0.134 
-1 .37c2 + 2.73c-0 .3 6

j /  0 < c < 0.1008 
j /  0.1008 < c < 0.18519 
j /  0.18519 < c < 0.99934 
j /  0.99934 < c < 1

(B7)

F(c) = 1.012 1 +
•c + 0.035198 

0.58009

- 6 . 2 3 3 8 i - 0 3 3 0 1 4

/o r  0 < c < 1 (B8)
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F ( c )  =
1 + c -  0.042335 

0.3575

0
- 6 . 9 3 0 3 - 1 - 0 2 1 9 0 2

i f  0 < c < 0.042335 

i f  0.042335 < c < 1
(B9)

F(c) = 22.141
J0

0 .8 8 5 5 C + 0 .0 1 9 6 2

t 10687(1 -  t ) 3 0317dt /o r  0 < c < 1 (B10)

F(o) = f
0

- 3 .5 1 4 7
(4.463)10-5e fc
---------k  9.1282— dF /o r  0 < c < 1few (B 11)

F(C) = {1.
0 j /  0 < c <  0.11089

125c-0 .1247  j /  0.11089 < c < 1 (B12)

F(c) = 1.01 1 +
c + 0.0034896 

0.61057

- 6 . 1 9 5 8 0 .1 9 6 0 3

/o r  0 < c < 1 (B13)

F(c) =
1.010

4 .1 5 7 2
/o r  0 < c < 1

1 + 1
c + 0.079286 

0.35404

(B14)

F(c) = 29.27
J0

0 .9 6 1 5 C + 0 .0 0 8 4

t1 .7 5 0 (1 — t)225d t /o r  0 < c < 1 (B15)

F(c) =
1.011 1 +

0

-  0.03676 
0.41611

4 .1 8 3 7  - 0 . 3 9 9 2 5c
j /  0 < c < 0.03676 

j /  0.03676 < c < 1
(B16)

F(c) =

0

•c -  0.081452 - 7 . 7 0 2 1  - 0 . 1 4 6 1 7
i / 0 < c < 0.081452

(B17)
1.019 1 + 0.70933 j /  0.081452 < c < 1
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F(c) = -0.017 +
1.022 f z  t2

f e 2 dt  f o r  0 < c < 1
J — co 

0.5

where Z =

V2^

(c + 0 .0 6 0 0 7 4 /5 ( c + ______
( 0.22331 ) ( 0.22331 )

0.66179

(c + 0.060074\ -0.5

1.021 f z
F(c) = __  I e 2 d t /o r  0 < c < 1

V2^ >/— ro

where Z =
/c + 0.18434\05 /c + 0.18434\-05
( 0.52761 j  ( 0.52761 j  

0.40818

1.035
^ (c) = 0 .3 5 9 4 7 -c  /o r  0 < c < 1

g e  0.18994

- C 2
F(c) = 1.001 — 1.001ea l 4 8 9 8  /o r  0 < c < 1

F(c) = 1.006 1 +
c + 0.0010638^-43989' 

0.42538 /

0.25447
/o r  0 < c < 1

_  [A j /  0 < c < 0.3336 
f (c )  = (B j/  0.3336 < c < 1

4  =  0.27c +  4 .8 0 c2 +  1 1 3 .2 8 c3 — 309 1 .1 3 c4 +  2 3 5 7 8 .4 1 c 5 — 7 0 8 0 2 .9 4 c 6 +  7 4 0 6 3 .7 3 c 7 

and B  =  33.42c — 1 1 0 .7 7 c2 +  1 7 8 .2 3 c3 — 1 3 5 .99c4 +  3 9 .60c5 — 3.49

F(c) = 0.50c —2.89c2 + 74.15c3 — 216.57c4 + 170.18c5 
—9.66c + 23.85c2 — 23.39c3 + 8.19c4 +2.01

j /  0 < c < 0.3889 
j /  0.3889 < c < 1

F(c) = 0.54c + 10.70c2 — 36.63c3 + 43.84c4 — 17.45c5 /o r  0 < c < 1

(B 18)

(B19)

(B20)

(B21)

(B22)

(B23)

(B24)

(B25)
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Table C.1 Data for the first set of 6 variables.

Date

G ross 
P roductiv it 
y  ($ /m an

hour)

Total
C om pensat 
ion  ($ per 

hour 
w orked)

A verage
H ourly

Earnings
($)

U nem ploy 
m en t Rate 

(%)

Fatalities
(in

num bers) G D P ($)

1/1/2006 1056.894 28.65 21.85 9 1255.278 13603.93

2/1/2006 1048.206 28.69293 21.85 8.6 1262.382 13664.78

3/1/2006 1044.798 28.86102 21.85 8.5 1261.296 13708.8

4/1/2006 1013.085 29.11 22.05 6.9 1260.335 13749.81

5/1/2006 1015.113 29.33439 22.03 6.6 1267.633 13786.08

6/1/2006 1006.86 29.46426 22.21 5.6 1271.137 13824.65

7/1/2006 992.9074 29.41 22.29 6.1 1279.799 13867.47

8/1/2006 981.825 29.1274 22.25 5.9 1279.875 13920.44

9/1/2006 976.1741 28.74907 22.41 5.6 1283.001 13979.21

10/1/2006 964.5282 28.46 22.53 4.5 1292.093 14037.23

11/1/2006 968.22 28.37105 22.5 6 1289.998 14095.05

12/1/2006 961.4026 28.44973 22.51 6.9 1297.282 14150.15

1/1/2007 972.0795 28.62 22.59 8.9 1303.483 14208.57

2/1/2007 995.4996 28.80875 22.66 10.5 1300.185 14269.8

3/1/2007 979.0355 28.96985 22.72 9 1287.019 14325.05

4/1/2007 987.5038 29.12 22.83 8.6 1305.638 14382.36

5/1/2007 990.7804 29.22595 22.98 6.9 1290.565 14431.87

6/1/2007 995.3039 29.31047 23.02 5.9 1290.666 14481.7

7/1/2007 994.6377 29.39 23.1 5.9 1293.052 14535

8/1/2007 1007.08 29.48828 23.13 5.3 1279.661 14597.64

9/1/2007 1003.117 29.60409 23.21 5.8 1268.704 14653.01

10/1/2007 1002.74 29.73 23.18 6.1 1260.117 14681.5

11/1/2007 986.2817 29.86944 23.32 6.2 1253.416 14674.7

12/1/2007 974.1951 30.00134 23.43 9.4 1240.834 14654.76

1/1/2008 973.1726 30.12 23.42 11 1221.199 14651.04

2/1/2008 966.5919 30.2102 23.51 11.4 1202.137 14686.53

3/1/2008 975.2069 30.27405 23.58 12 1187.024 14742.83

4/1/2008 986.3708 30.33 23.63 11.1 1169.582 14805.61

5/1/2008 998.5931 30.38443 23.82 8.6 1150.647 14849.16

6/1/2008 993.7385 30.46688 23.89 8.2 1140.33 14862.98

7/1/2008 1003.955 30.6 23.98 8 1109.353 14835.19

8/1/2008 994 30.80567 24.21 8.2 1093.037 14759.17

9/1/2008 1005.803 31.02947 24.23 9.9 1057.465 14656.83

10/1/2008 1010.795 31.2 24.25 10.8 1054.126 14559.54

11/1/2008 1018.855 31.28213 24.41 12.7 1032.659 14482.74
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Table C.1 Data for the first set of 6 variables. (Continued).

12/1/2008 1002.295 31.29672 24.56 15.3 1018.19 14430.89

1/1/2009 989.6352 31.29 24.56 18.2 994.254 14394.55

2/1/2009 1001.259 31.29803 24.6 21.4 985.8044 14370.5

3/1/2009 1023.779 31.31903 24.76 21.1 967.3639 14357.81

4/1/2009 1012.606 31.35 24.8 18.7 955.7074 14352.85

5/1/2009 1003.545 31.37915 24.77 19.2 940.5363 14357.55

6/1/2009 1014.074 31.39436 24.85 17.4 924.2447 14378.14

7/1/2009 1020.849 31.38 24.85 18.2 910.3684 14420.31

8/1/2009 1021.127 31.32835 24.89 16.5 904.3094 14489.22

9/1/2009 1016.82 31.26635 24.88 17.1 905.184 14566.45

10/1/2009 1041.731 31.23 25.01 18.7 896.5954 14628.02

11/1/2009 1000.234 31.24098 25.03 19.4 889.7758 14663.9

12/1/2009 1002.073 31.28237 24.99 22.7 882.2238 14686.83

1/1/2010 977.6822 31.33 25.12 24.7 868.9971 14721.35

2/1/2010 1009.765 31.36331 25.25 27.1 864.9468 14783.08

3/1/2010 990.6377 31.39154 25.17 24.9 855.475 14852.31

4/1/2010 976.5654 31.44 25.1 21.8 840.3096 14926.1

5/1/2010 983.7437 31.51238 25.15 20.1 841.4248 14981.87

6/1/2010 983.0746 31.57615 25.12 20.1 837.8137 15030.27

7/1/2010 955.1823 31.58 25.17 17.3 819.9853 15079.92

8/1/2010 950.4578 31.49669 25.17 17 822.1393 15141.42

9/1/2010 934.6278 31.38317 25.19 17.2 819.2775 15201.05

10/1/2010 948.4633 31.32 25.31 17.3 805.9452 15240.84

11/1/2010 952.0005 31.35827 25.31 18.8 813.3458 15254.34

12/1/2010 946.2288 31.46404 25.35 20.7 804.8053 15260.06

1/1/2011 927.2099 31.59 25.46 22.5 799.1726 15285.83

2/1/2011 916.547 31.68715 25.44 21.8 802.8194 15349.92

3/1/2011 922.8337 31.74286 25.34 20 795.0442 15424.01

4/1/2011 917.2929 31.77 25.38 17.8 794.2954 15496.19

5/1/2011 909.2263 31.77557 25.35 16.3 780.3985 15536.75

6/1/2011 932.583 31.82988 25.35 15.6 782.4489 15562

7/1/2011 924.0165 32.01 25.36 13.6 774.9769 15591.85

8/1/2011 950.9169 32.3702 25.46 13.5 770.1903 15645.35

9/1/2011 942.9655 32.78399 25.49 13.3 769.8317 15717.62

10/1/2011 940.8893 33.08 25.49 13.7 769.0893 15796.46

11/1/2011 944.518 33.16779 25.44 13.1 779.3141 15878.55

12/1/2011 947.4409 33.12414 25.49 16 779.6418 15953.03

1/1/2012 952.7736 33.08 25.5 17.7 788.9539 16019.76

2/1/2012 947.4198 33.13834 25.55 17.1 795.8784 16072.7
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Table C.1 Data for the first set of 6 variables. (Continued).

3/1/2012 948.6982 33.25505 25.66 17.2 796.4462 16113.18

4/1/2012 964.0777 33.38 25.65 14.5 806.8653 16152.26

5/1/2012 981.9633 33.452 25.69 14.2 807.0543 16189.86

6/1/2012 986.8385 33.48967 25.71 12.8 812.9467 16226.69

7/1/2012 988.2228 33.52 25.75 12.3 822.1695 16257.15

8/1/2012 987.2418 33.5735 25.77 11.3 829.4309 16282.73

9/1/2012 981.1104 33.66954 25.86 11.9 836.4394 16312.85

10/1/2012 988.7591 33.82 25.84 11.4 848.3528 16358.86

11/1/2012 983.2946 34.03805 25.95 12.2 837.3026 16430.63

12/1/2012 968.0937 34.25875 25.95 13.5 848.2236 16506.91

1/1/2013 954.2513 34.43 25.96 16.1 855.9949 16569.59

2/1/2013 956.5025 34.492 26.03 15.7 849.8537 16600.39

3/1/2013 948.4274 34.46479 25.98 14.7 858.006 16614.52

4/1/2013 969.6409 34.37 26.03 13.2 855.509 16637.93

5/1/2013 968.7046 34.24836 26.04 10.8 851.477 16686.12

6/1/2013 981.2357 34.16154 26.09 9.8 848.2184 16760.35

7/1/2013 1007.58 34.19 26.17 9.1 849.2733 16848.75

8/1/2013 1010.471 34.37867 26.19 9.1 854.9707 16947.33

9/1/2013 1014.721 34.63348 26.17 8.5 847.2871 17033.29

10/1/2013 1030.049 34.82 26.18 9 849.3723 17083.14

11/1/2013 1028.275 34.86339 26.25 8.6 855.6744 17089.3

12/1/2013 1056.552 34.82572 26.38 11.4 855.7703 17082.31

1/1/2014 1057.266 34.81 26.41 12.3 865.2 17104.56

2/1/2014 1061.364 34.89259 26.76 12.8 865.2018 17187.58

3/1/2014 1038.963 35.00762 26.48 11.3 868.0346 17298.96

4/1/2014 1054.835 35.1 26.56 9.4 875.5426 17432.91

5/1/2014 1052.84 35.1084 26.61 8.6 879.8082 17548.53

6/1/2014 1046.381 35.12471 26.67 8.2 882.8547 17647.26

7/1/2014 1040.541 35.27 26.66 7.5 895.7764 17721.66

8/1/2014 1039.491 35.62572 26.73 7.7 907.8311 17777.13

9/1/2014 1038.056 36.04185 26.81 7 912.9484 17817.5

10/1/2014 1063.548 36.31 26.86 6.4 923.9882 17849.91

11/1/2014 1057.089 36.31433 26.92 7.5 928.2045 17884.4

12/1/2014 1064.644 36.16775 26.87 8.3 935.0578 17925.82

1/1/2015 1076.194 36.04 27.07 9.8 938.0063 17984.18

2/1/2015 1064.354 36.07458 27.12 10.6 942.6191 18061.96

3/1/2015 1096.528 36.21601 27.24 9.5 957.0795 18139.51

4/1/2015 1116.61 36.42 27.28 7.5 950.2514 18219.41

5/1/2015 1137.997 36.60245 27.32 6.7 968.5878 18279.36
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Table C.1 Data for the first set of 6 variables. (Continued).

6/1/2015 1145.991 36.75752 27.34 6.3 961.0014 18321.7

7/1/2015 1139.681 36.87 27.36 5.5 967.8246 18344.71

8/1/2015 1139.13 36.9446 27.44 6.1 967.9606 18352.33

9/1/2015 1147.384 36.98457 27.35 5.5 978.2144 18351.33

10/1/2015 1112.092 37 27.52 6.2 970.044 18350.83

11/1/2015 1111.631 37.00106 27.67 6.2 988.7475 18359.12

12/1/2015 1096.805 36.993 27.62 7.5 988.7305 18381.34

1/1/2016 1123.488 36.98 27.66 8.5 1001.263 18424.28

2/1/2016 1118.095 36.97888 27.76 8.7 996.1386 18489.7

3/1/2016 1147.921 37.04518 27.88 8.7 999.9664 18561.79

4/1/2016 1133.942 37.26 27.98 6 1004.742 18637.25

5/1/2016 1142.106 37.63933 28.08 5.2 1009.632 18699

6/1/2016 1159.916 38.06763 28.13 4.6 1016.089 18754.51

7/1/2016 1152.297 38.34 28.2 4.5 1015.891 18806.74

8/1/2016 1161.606 38.35346 28.2 5.1 1024.155 18864.76

9/1/2016 1157.527 38.22555 28.23 5.2 1022.944 18927.43

10/1/2016 1153.921 38.15 28.4 5.7 1024.918 18991.88

11/1/2016 1182.149 38.25906 28.35 5.7 1041.355 19061.14

12/1/2016 1191.433 38.48486 28.42 7.4 1038.818 19127.25

1/1/2017 1175.746 38.73 28.53 9.4 1038.778 19190.43

2/1/2017 1181.436 38.90284 28.52 8.8 1033.655 19246.24

3/1/2017 1180.228 39.02445 28.61 8.4 1029.173 19295.52

4/1/2017 1163.955 39.18 28.6 6.3 1034.148 19356.65

5/1/2017 1166.649 39.38015 28.72 5.3 1034.281 19428.55

6/1/2017 1159.785 39.54161 28.9 4.5 1017.811 19516

7/1/2017 1158.208 39.53 28.95 4.9 1016.124 19611.7

8/1/2017 1154.133 39.27294 29 4.7 1016.551 19718.91

9/1/2017 1157.314 38.92374 29.18 4.7 1013.485 19825.69

10/1/2017 1142.033 38.7 29.11 4.5 1017.023 19918.91

11/1/2017 1161.543 38.73103 29.22 5 1010.925 19999.31

12/1/2017 1165.214 38.91283 29.29 5.9 1013.564 20073.51

1/1/2018 1172.106 39.09 29.39 7.3 1011.107 20163.16

2/1/2018 1179.871 39.13549 29.55 7.8 1002.615 20276.99

3/1/2018 1159.125 39.12464 29.49 7.4 1011.096 20390.27

4/1/2018 1158.714 39.17 29.66 6.5 1017.742 20510.18

5/1/2018 1161.529 39.34327 29.7 4.4 1015.684 20607.15

6/1/2018 1154.116 39.55479 29.78 4.7 1017.226 20687.57

7/1/2018 1147.978 39.65 29.94 3.4 1024.692 20749.75

8/1/2018 1140.891 39.54054 30.02 3.4 1026.287 20802.14
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Table C.1 Data for the first set of 6 variables. (Continued).

9/1/2018 1150.164 39.33194 30.18 4.1 1027.771 20849.49

10/1/2018 1112.676 39.19 30.24 3.6 1028.472 20897.8

11/1/2018 1113.488 39.22088 30.3 3.9 1037.414 20956.42

12/1/2018 1086.992 39.36979 30.44 5.1 1038.172 21022.19

1/1/2019 1078.322 39.55 30.32 6.4 1038.14 21098.83

2/1/2019 1118.833 39.68359 30.45 6.2 1047.976 21182.6

3/1/2019 1107.502 39.78438 30.5 5.2 1034.191 21259.64

4/1/2019 1116.124 39.92 30.63 4.7 1045.154 21340.27

5/1/2019 1109.362 40.10366 30.7 3.2 1053.416 21409.5

6/1/2019 1090.597 40.30446 30.74 4 1048.522 21476.27

7/1/2019 1100.223 40.45 30.75 3.8 1047.81 21542.54

8/1/2019 1103.718 40.50569 30.87 3.6 1044.606 21615.99

9/1/2019 1100.784 40.49086 30.87 3.2 1046.396 21684.67

10/1/2019 1114.17 40.45 30.98 4 1052.47 21734.27

11/1/2019 1127.915 40.42238 31.09 4.4 1042.919 21755.32

12/1/2019 1127.24 40.45 31.14 5 1032.507 21734.27

T a b le  C .2  D a ta  fo r  th e  se c o n d  se t o f  6 v a r ia b le s .

D ate
H ires (in 

thousands)

O ccupatio  
nal Injuries 

and
Illnesses

(in
num bers)

G ross Job 
G ains (in 

thousands)

G ross Job 
L osses (in 
thousands)

Job
O penings

(in
thousands)

T urnover
(in

thousands)
1/1/2006 453 413.0758 942 764 156 556

2/1/2006 387 418.1069 903.3244 787.7211 146 511

3/1/2006 502 420.4098 872.1328 812.1707 185 504

4/1/2006 646 419.3637 843 839 222 629

5/1/2006 629 419.6343 821.4564 861.1734 182 468

6/1/2006 540 421.6188 807.3961 876.3771 185 388

7/1/2006 541 421.1558 803 880 199 379

8/1/2006 418 419.1869 808.6112 870.5323 202 370

9/1/2006 404 415.9535 822.436 853.9528 174 270

10/1/2006 426 415.6521 841 839 157 361

11/1/2006 351 416.0448 862.0584 831.0408 105 325

12/1/2006 269 413.6727 878.0884 830.1155 103 412

1/1/2007 389 408.7923 883 834 242 366
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Table C.2 Data for the second set of 6 variables. (Continued).

2/1/2007 262 412.0494 871.3053 840.9861 231 428

3/1/2007 507 404.9561 850.7359 849.6815 191 375

4/1/2007 566 404.6202 824 862 221 369

5/1/2007 523 405.0592 800.649 875.9471 191 352

6/1/2007 527 397.4354 783.6897 888.6778 189 394

7/1/2007 483 397.0124 778 895 208 303

8/1/2007 421 393.1 784.8066 892.3941 178 267

9/1/2007 389 392.043 796.831 883.9558 144 284

10/1/2007 410 386.9473 804 875 161 282

11/1/2007 281 384.2113 799.7831 869.4969 107 215

12/1/2007 227 381.4332 787.9593 870.8504 106 253

1/1/2008 337 374.8058 774 882 145 279

2/1/2008 315 376.3804 763.1892 903.3227 121 274

3/1/2008 400 371.3954 755.2577 923.4601 108 269

4/1/2008 548 365.2331 747 933 122 311

5/1/2008 456 356.9832 737.5235 923.2811 189 370

6/1/2008 456 354.4786 725.9083 906.2426 145 326

7/1/2008 459 346.1938 713 900 132 349

8/1/2008 398 346.5615 697.5727 916.4747 88 389

9/1/2008 317 337.87 677.8028 947.2114 115 304

10/1/2008 396 335.5281 652 977 71 288

11/1/2008 268 328.4604 618.4219 996.6109 52 267

12/1/2008 204 322.2353 588.8944 1004.372 46 288

1/1/2009 325 316.2489 574 1003 38 208

2/1/2009 284 312.1471 582.9003 993.5528 73 298

3/1/2009 332 304.3975 602.1405 976.7982 48 281

4/1/2009 448 300.0802 621 947 29 329

5/1/2009 409 293.1755 625.9415 906.6648 51 321

6/1/2009 333 281.382 622.008 860.8727 67 315

7/1/2009 383 281.7317 618 822 50 406

8/1/2009 260 274.7731 619.9161 794.837 65 406

9/1/2009 304 263.8404 623.7923 778.6319 66 455

10/1/2009 316 265.8393 623 769 54 442

11/1/2009 239 259.1593 614.026 761.043 49 326

12/1/2009 198 249.784 605.9235 752.2174 55 344

1/1/2010 271 244.9652 610 739 54 269

2/1/2010 236 239.1259 633.8469 719.8897 65 283

3/1/2010 419 235.6429 662.1586 700.2406 86 237

4/1/2010 487 228.3155 685 680 101 268
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Table C.2 Data for the second set of 6 variables. (Continued).

5/1/2010 388 225.5568 687.1867 665.6885 88 314

6/1/2010 335 219.6246 675.5726 658.8643 83 351

7/1/2010 400 216.9353 662 662 113 314

8/1/2010 334 210.9531 654.3041 675.2736 59 380

9/1/2010 301 212.4792 650.6233 690.1664 78 433

10/1/2010 357 203.7425 646 696 67 368

11/1/2010 254 205.1206 637.0498 686.2236 66 359

12/1/2010 213 200.2139 628.7477 667.9345 32 331

1/1/2011 250 202.1962 627 650 61 300

2/1/2011 290 198.9177 636.7864 640.6076 45 324

3/1/2011 379 196.4113 652.9018 636.9737 67 305

4/1/2011 504 195.5508 674 633 91 279

5/1/2011 497 194.6532 692.6708 625.8822 124 272

6/1/2011 476 193.3722 703.7197 619.8896 77 258

7/1/2011 402 196.1443 700 622 94 313

8/1/2011 336 198.969 678.4884 636.028 111 355

9/1/2011 361 193.1778 651.8544 653.0892 87 335

10/1/2011 331 196.8098 637 661 82 371

11/1/2011 241 192.4275 643.6901 652.5741 63 401

12/1/2011 179 197.8606 661.0367 636.4633 56 368

1/1/2012 298 193.9435 674 624 85 386

2/1/2012 291 193.2695 670.17 624.6709 61 321

3/1/2012 315 193.7027 657.4193 632.0374 94 251

4/1/2012 380 193.7529 645 638 134 343

5/1/2012 412 190.5859 642.3851 635.2832 105 308

6/1/2012 427 189.1838 647.3578 626.4274 70 289

7/1/2012 439 189.8211 655 617 95 242

8/1/2012 333 190.8171 661.9601 610.4692 134 306

9/1/2012 348 184.3637 667.7797 606.9102 92 256

10/1/2012 317 189.7742 673 605 107 326

11/1/2012 291 185.4342 678.2311 603.7572 73 335

12/1/2012 176 186.7479 681.7665 604.2494 93 376

1/1/2013 304 193.2036 682 608 116 480

2/1/2013 321 188.2274 677.8429 615.2264 121 468

3/1/2013 353 190.9694 672.695 620.5033 121 471

4/1/2013 402 192.2712 669 619 133 427

5/1/2013 433 191.9278 669.7135 607.2105 137 355

6/1/2013 407 192.6297 672.0879 593.6054 146 336

7/1/2013 363 196.7599 672 591 111 376
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Table C.2 Data for the second set of 6 variables. (Continued).

8/1/2013 298 195.4925 666.8209 606.6841 129 316

9/1/2013 303 202.146 659.8507 628.7669 121 300

10/1/2013 368 203.0408 656 640 141 295

11/1/2013 233 199.5572 658.5464 629.9195 117 329

12/1/2013 148 200.2909 666.1657 609.1527 86 384

1/1/2014 259 203.4374 677 592 152 383

2/1/2014 240 203.9252 688.1879 590.5788 122 392

3/1/2014 268 203.0733 695.5381 597.2697 130 471

4/1/2014 406 204.3851 697 603 137 537

5/1/2014 412 201.6348 689.757 599.397 137 504

6/1/2014 341 203.708 678.0871 590.7391 171 379

7/1/2014 394 205.2303 669 585 158 368

8/1/2014 334 204.8846 666.4297 587.5523 148 368

9/1/2014 282 199.9705 667.4846 596.6746 105 353

10/1/2014 322 198.9889 667 608 156 311

11/1/2014 241 199.8284 661.936 618.6021 104 339

12/1/2014 217 200.2463 657.6221 625.0268 100 342

1/1/2015 322 199.5268 661 625 150 378

2/1/2015 278 200.2984 676.1644 617.0048 146 400

3/1/2015 318 200.7605 691.6072 607.0414 177 389

4/1/2015 470 201.8227 698 599 179 459

5/1/2015 407 202.8271 685.7037 598.3255 184 423

6/1/2015 416 205.7316 665.8096 601.4882 160 439

7/1/2015 361 203.2301 656 603 156 402

8/1/2015 322 205.1545 667.0546 599.2529 168 388

9/1/2015 321 205.8774 688.663 593.5276 106 339

10/1/2015 332 206.4191 704 591 145 349

11/1/2015 260 205.7988 702.3633 595.3497 89 357

12/1/2015 180 204.1943 689.1034 605.4638 115 292

1/1/2016 261 205.6088 673 620 161 271

2/1/2016 295 203.2047 662.4842 635.9626 188 331

3/1/2016 351 206.1694 658.5923 647.3717 219 297

4/1/2016 494 203.6163 660 650 196 400

5/1/2016 424 200.4804 665.3731 640.1673 188 371

6/1/2016 340 204.9147 670.5166 625.5759 186 444

7/1/2016 408 206.583 670 618 244 492

8/1/2016 337 203.6869 661.1731 624.0577 205 445

9/1/2016 304 198.6108 652.0139 634.8316 240 499

10/1/2016 351 206.2531 653 637 221 409
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Table C.2 Data for the second set of 6 variables. (Continued).

11/1/2016 255 199.5149 670.6801 622.394 176 370

12/1/2016 247 205.1216 695.1312 602.1088 138 345

1/1/2017 363 206.2146 715 590 150 320

2/1/2017 306 202.731 718.9298 597.8685 179 365

3/1/2017 379 203.4095 709.0146 616.6448 186 325

4/1/2017 545 201.8673 686 640 229 309

5/1/2017 505 200.2184 656.3367 656.4176 184 352

6/1/2017 449 201.7813 630.7592 664.0084 220 410

7/1/2017 433 197.3331 625 661 247 363

8/1/2017 387 199.4471 647.6463 647.1514 226 498

9/1/2017 380 198.6394 685.7031 627.4991 178 497

10/1/2017 399 199.6062 719 609 203 428

11/1/2017 268 201.6376 735.3923 595.8214 212 525

12/1/2017 179 198.1586 736.6447 590.8303 180 347

1/1/2018 326 197.1742 730 595 245 350

2/1/2018 331 194.9667 721.024 608.7444 198 327

3/1/2018 359 197.5757 710.6732 625.4122 234 391

4/1/2018 510 198.4253 695 643 258 289

5/1/2018 514 196.1746 675.5204 654.4988 279 317

6/1/2018 447 198.9234 657.7336 659.3805 323 304

7/1/2018 450 196.3109 651 657 314 323

8/1/2018 381 194.3102 660.2249 647.5532 315 328

9/1/2018 353 201.5932 678.5426 634.1396 299 389

10/1/2018 362 199.6757 695 621 278 427

11/1/2018 290 199.8214 702.792 610.8965 279 483

12/1/2018 221 201.4901 702.6295 607.587 299 472

1/1/2019 394 201.4053 698 614 313 525

2/1/2019 308 201.5535 692.0263 631.5232 287 441

3/1/2019 358 197.4927 686.9573 650.9797 364 475

4/1/2019 593 203.2864 683 668 434 348

5/1/2019 499 203.4239 681.6933 673.7878 376 319

6/1/2019 491 199.4174 682.1143 671.9231 331 339

7/1/2019 432 198.3338 683 668 360 414

8/1/2019 411 200.3989 683.3898 666.2734 384 319

9/1/2019 431 199.6764 683.286 666.7332 327 476

10/1/2019 493 200.0679 683 668 326 312

11/1/2019 325 197.905 682.8067 668.8561 217 392

12/1/2019 278 197.6653 683 668 239 487
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N o te : all th e  v a lu e s  o f  th e  v a r ia b le s  w e re  ta k e n  to  b e  a t th e  f ir s t  o f  th e  m o n th  so  

th a t  to  e n su re  c o n s is te n c y  b e tw e e n  all v a r ia b le s . In  a d d itio n , s in c e  th e  ‘F a ta l i t ie s  ( in  

n u m b e r s ) ’ v a r ia b le  a n d  th e  ‘O c c u p a tio n a l In ju r ie s  a n d  I l ln e sse s  ( in  n u m b e r s ) ’ v a r ia b le  a re  

in it ia l ly  re p o r te d  p e r  y e a r  f ro m  th e  so u rc e  p u b l is h in g  th is  d a ta , th e s e  v a r ia b le s  w e re  

tra n s fo rm e d  to  m o n th ly  d a ta  u s in g  in te rp o la tio n  a n d  th e n  a  n o ise  d is tr ib u tio n  w a s  a d d e d  to  

th e m  to  a c c o u n t fo r  so m e  v a r ia b ility .

T o  u s e  th is  d a ta , p le a se  m a k e  su re  to  a g g re g a te  i t  so  th a t  th e  f ir s t  c o lu m n  is  th e  

‘D a te ’ a n d  th e  o th e r  v a r ia b le s  a re  s ta c k e d  a f te rw a rd s  in  c o lu m n s  in  th e  fo llo w in g  o rd er: 

G ro s s  P ro d u c tiv ity  ($ /m a n -h o u r) , T o ta l C o m p e n s a tio n  ($  p e r  h o u r  w o rk e d ) , A v e ra g e  

H o u r ly  E a rn in g s  ($ ), U n e m p lo y m e n t  R a te  (% ), F a ta l i t ie s  ( in  n u m b e rs ) , G D P  ($ ), H ire s  (in  

th o u sa n d s ) , O c c u p a tio n a l In ju r ie s  a n d  I l ln e sse s  ( in  n u m b e rs ) , G ro s s  Jo b  G a in s  ( in  

th o u sa n d s ) , G ro s s  Jo b  L o s s e s  ( in  th o u sa n d s ) , Jo b  O p e n in g s  ( in  th o u sa n d s ) , a n d  T u rn o v e r  

( in  th o u sa n d s ) . T o  b e  a b le  to  ru n  th e  P y th o n  c o d e  b e lo w , th is  a g g re g a te d  d a ta  n e e d s  to  b e  

s a v e d  in  a  c sv  (c o m m a -s e p a ra te d  v a lu e s )  f ile  n a m e d  ‘C o m b in e d _ D a ta .c s v ’ .

I t  is  w o r th  m e n tio n in g  th a t  th e  im p le m e n te d  P y th o n  c o d e  w a s  in sp ire d  a n d  b a se d  

o n  P ra b h a k a ra n  (2 0 1 9 ), b u t  i t  w a s  ta i lo re d  to  a c c o m m o d a te  fo r  th e  n e e d s  a n d  sc o p e  o f  th e  

re s e a rc h  in  th is  d isse r ta tio n . T h e  im p le m e n te d  P y th o n  c o d e  ( th e  c o d e ’s c o m m e n ts  a re  

sh o w n  as u n d e r l in e d )  fo r  th e  s ta tis tic a l a n d  t im e s  se rie s  m o d e l is  as  fo llo w s:

# im p o r tin g  all n e e d e d  p a c k a g e s  

im p o r t  p a n d a s  as p d  

im p o r t  n u m p y  a s  n p  

im p o r t  m a tp lo tl ib .p y p lo t  as p lt  

im p o r t  s ta tsm o d e ls



f ro m  s ta ts m o d e ls .ts a .s ta tto o ls  im p o r t  a d fu lle r

f ro m  s ta ts m o d e ls .ts a .v e c to r_ a r .v e c m  im p o r t  c o in t_ jo h a n s e n

fro m  s ta ts m o d e ls .ts a .a p i im p o r t  V A R

fro m  s ta ts m o d e ls .ts a .s ta tto o ls  im p o r t  g ra n g e rc a u s a li ty te s ts

f ro m  s ta ts m o d e ls .s ta ts .s ta t to o ls  im p o r t  d u rb in _ w a ts o n

Ml

N o te : th e  fo llo w in g  v e rs io n s  w e re  u s e d  fo r  th e  d if fe re n t  p a c k a g e s :

V e rs io n  o f  P a n d a s  is: 1 .1 .5  

V e rs io n  o f  N u m p y  is: 1 .20 .1  

V e rs io n  o f  P a n d a s  is: 0 .1 2 .2
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# re a d in g  th e  d a ta

D a ta  =  p d .re a d _ c s v ( 'C o m b in e d _ D a ta .c s v ',in d e x _ c o l= 0 )

# tra n s fo rm in g  th e  in d e x  to  d a te  fo rm a t ( i.e ., d a te tim e )

D a ta .in d e x  =  p d .to _ d a te tim e (D a ta .in d e x )

# p lo tt in g  th e  d a ta

fig , a x e s  =  p lt.s u b p lo ts (n ro w s= 4 , n c o ls= 3 , d p i= 3 0 0 , f ig s iz e = (1 2 ,8 ))  

fo r  i, a x  in  e n u m e ra te (a x e s .f la tte n () ) :

a x .p lo t(D a ta [D a ta .c o lu m n s [ i] ] ,  c o lo r= 're d ', l in e w id th = 1 )  # p lo tt in g  e a c h  c o lu m n  

a x .s e t_ ti t le (D a ta .c o lu m n s [ i] )  # s e tt in g  th e  t it le  

a x .t ic k _ p a ra m s ( la b e ls iz e = 1 0 )  # s e tt in g  th e  s ize  o f  la b e ls  

p lt .t ig h t_ la y o u t( )



# s in c e  w e  h a v e  a  to ta l  o f  168 re a d in g s  (w h ic h  is  c o n s id e re d  to  b e  a  lo w  s a m p le  size ), 

th e  tra in in g  s ize  w a s  ta k e n  to  b e  a ro u n d  9 0 %  a n d  th e  te s t in g  s iz e  w a s  ta k e n  to  b e  a ro u n d  

10%

# th is  m e a n s  th a t  a ro u n d  0 .1 * 1 6 8 = 1 6 .8  m o n th s  w ill  b e  u s e d  fo r  te s tin g . T h e re fo re , 17 

m o n th s  w e re  u s e d  fo r  te s tin g , w h ic h  m e a n s  s ta r tin g  o n  2 0 1 8 -0 8 -0 1  a n d  e n d in g  o n  2 0 1 9 

12-01

# h e n c e , w e  n e e d  to  g e t th e  in d e x  o f  th e  ro w  th a t  s ta r ts  w ith  2 0 1 8 -0 8 -0 1 , th is  w ill  b e  u s e d  

to  s p lit  th e  d a ta  b e tw e e n  t ra in in g  a n d  te s t in g  

fo r  i in  ra n g e (D a ta .sh a p e [0 ]) :

i f  (D a ta .i lo c [ i] [0 ]= = D a ta .lo c [ '2 0 1 8 -0 8 -0 1 '] [0 ])  &  (D a ta .i lo c [ i] [1 ]= = D a ta .lo c [ '2 0 1 8 -0 8 -  

0 1 '][1 ]):

tra in in g _ s iz e = i 

# g e tt in g  th e  te s t in g  s ize  

te s t in g _ s iz e = D a ta .sh a p e [0 ]- tra in in g _ s iz e  

# d iv id in g  th e  d a ta  b e tw e e n  t ra in in g  a n d  te s t in g  se ts  

d f_ tra in , d f_ te s t  =  D a ta [0 :- te s t in g _ s iz e ] , D a ta [- te s tin g _ s iz e :]

# d e f in in g  a  fu n c tio n  to  c h e c k  th e  s ta tio n a r ity  o f  th e  d a ta  u s in g  th e  A D F  s ta t is t ic a  te s t  

d e f  a d fu lle r_ te s t(s e r ie s , s ig n if= 0 .0 5 , n a m e - ' ,  v e rb o se = F a lse ) :

.....T h is  fu n c tio n  p e rfo rm s  A D F  te s t  to  c h e c k  th e  s ta tio n a r ity  o f  g iv e n  se rie s , a n d  it

p r in ts  a  r e p o r t .....

r  =  a d fu lle r (s e r ie s )

o u tp u t  =  { 'te s t_ s ta tis tic ':ro u n d (r[0 ] , 4 ), 'p v a lu e ':ro u n d (r [1 ] , 4 ), 'n _ la g s ':ro u n d (r [2 ] , 4 ), 

'n _ o b s ':r [3 ]}
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p _ v a lu e  =  o u tp u t[ 'p v a lu e ']

d e f  a d ju s t(v a l, le n g th =  6): re tu rn  s tr (v a l) .lju s t( le n g th )

#  P r in t  S u m m a ry

p r in t ( f  A u g m e n te d  D ic k e y -F u lle r  T e s t o n  " { n a m e } " ', " \n  ", '- '* 4 7 )

p r in t ( f  N u ll  H y p o th e s is :  D a ta  h a s  u n i t  ro o t. N o n -S ta tio n a ry . ')

p r in t ( f  S ig n if ic a n c e  L e v e l =  { s ig n if} ')

p r in t ( f  T e s t S ta tis tic  =  { o u tp u t[" te s t_ s ta tis t ic " ]} ')

p r in t ( f  N o . L a g s  C h o se n  =  { o u tp u t["n _ la g s" ]} ')

fo r  k e y ,v a l in  r [4 ] .ite m s():

p r in t ( f  C r itic a l v a lu e  { a d ju s t(k e y )}  =  { ro u n d (v a l, 3 )} ')  

i f  p _ v a lu e  < =  sig n if:

p r in t(f"  = >  P -V a lu e  =  { p _ v a lu e } . R e je c tin g  N u ll  H y p o th e s is ." )  

p r in t(f"  = >  S e rie s  is  S ta tio n a ry ." )  

e lse :

p r in t(f"  = >  P -V a lu e  =  { p _ v a lu e } . W e a k  e v id e n c e  to  re je c t  th e  N u ll  H y p o th e s is ." )  

p r in t(f"  = >  S e rie s  is  N o n -S ta tio n a ry ." )

# a p p ly in g  th e  A D F  te s t  b y  c a ll in g  th e  p re v io u s  fu n c tio n  

fo r  n a m e , c o lu m n  in  d f_ tra in .i te r ite m s() :  

a d fu lle r_ te s t(c o lu m n , n a m e = c o lu m n .n a m e )  

p r in t( '\n ')

# th e  A D F  te s t  sh o w s  th a t  so m e  o f  th e  v a r ia b le s  a re  n o t  s ta tio n a ry , th e re fo re  w e  n e e d  to  

d if fe re n c e  all o f  th e m  a n d  c h e c k  a g a in  fo r  s ta tio n a r ity  

d f_ tra in _ d iffe re n c e d _ o rd e r_ 1  =  d f_ tra in .d if f ( ) .d ro p n a ( )  # f ir s t  d iffe re n c e
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# a p p ly in g  th e  A D F  te s t  o n  th e  d iffe re n c e d  (o rd e r  = 1 )  d a ta  

fo r  n a m e , c o lu m n  in  d f_ tra in _ d if fe re n c e d _ o rd e r_ 1 .ite r i te m s() :  

a d fu lle r_ te s t(c o lu m n , n a m e = c o lu m n .n a m e )  

p r in t( '\n ')

# s o m e  v a r ia b le s  a re  still n o t  s ta tio n a ry , w e  h a v e  to  d if fe re n c e  o n c e  a g a in  

d f_ tra in _ d if fe re n c e d _ o rd e r_ 2  =  d f_ tra in _ d if fe re n c e d _ o rd e r_ 1 .d if f ( ) .d ro p n a ()  # se c o n d  

d iffe re n c e

# a p p ly in g  th e  A D F  te s t  o n  th e  d iffe re n c e d  (o rd e r  = 2 )  d a ta  

fo r  n a m e , c o lu m n  in  d f_ tra in _ d if fe re n c e d _ o rd e r_ 2 .ite r i te m s() :  

a d fu lle r_ te s t(c o lu m n , n a m e = c o lu m n .n a m e )  

p r in t( '\n ')

# a p p ly in g  th e  g ra n g e r  c a u sa lity  te s t  w ith  G ro ss  P ro d u c tiv ity  ($ /m a n -h o u r)  b e in g  th e  

re sp o n se  v a r ia b le  a n d  all o th e r  v a r ia b le s  b e in g  th e  p re d ic to rs  

P _ v a lu e s = p d .D a ta F ra m e ()  # in it ia l iz in g  a  d a ta f ra m e  to  s to re  th e  d if fe re n t p  v a lu e s  

# c h o o s in g  th e  m a x im u m  d e s ire d  la g

m a x la g = 2 4  #  I  c h o se  2 4  b e c a u s e  i t  sp a n s  fo r  2 4  m o n th s  o r  2  y e a rs  

fo r  c in  d f_ tra in _ d if fe re n c e d _ o rd e r_ 2 .c o lu m n s :  # lo o p in g  o v e r  a ll c o lu m n s  

# re tr ie v in g  th e  p -v a lu e  a n d  ro u n d in g  i t  to  4  d e c im a l p la c e s  

P _ v a lu e s [c ]= [ ro u n d (g ra n g e rc a u s a li ty te s ts (d f_ tra in _ d if fe re n c e d _ o rd e r_ 2 [ [ 'G ro s s  

P ro d u c tiv ity  ($ /m a n -

h o u r) ',c ] ] ,m a x la g = m a x la g ,v e rb o s e = F a ls e ) [ i+ 1 ][0 ] [ 's s r_ c h i2 te s t '] [1 ] ,4 ) fo r  i in  ra n g e  

(m a x la g )]

# c h a n g in g  th e  in d ic e s ' n a m e s  to  in d ic a te  th e  la g  v a lu e
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fo r  i in  ra n g e  (P _ v a lu e s .sh a p e [0 ]) :

P _ v a lu e s = P _ v a lu e s .re n a m e (in d e x = { i: 'L a g '+ s tr ( i+ 1 )} )

# c h a n g in g  th e  c o lu m n s  n a m e s  to  in d ic a te  w h ic h  v a r ia b le  is  th e  r e s p o n s e  a n d  w h ic h

v a r ia b le s  a re  th e  p re d ic to rs

fo r  j in  ra n g e  (1 ,P _ v a lu e s .sh a p e [1 ]) :

P _ v a lu e s = P _ v a lu e s .re n a m e (c o lu m n s = { P _ v a lu e s .c o lu m n s [ j] :P _ v a lu e s .c o lu m n s [ j]+ '_ x '} )  

P _ v a lu e s = P _ v a lu e s .re n a m e (c o lu m n s = { 'G ro s s  P ro d u c tiv ity  ($ /m a n -h o u r) ': 'G ro s s  

P ro d u c tiv ity  ($ /m a n -h o u r)_ y '} )

# g e tt in g  th e  m in im u m  p  v a lu e  fo r  e a c h  v a r ia b le  so  th a t  w e  in c lu d e  all re le v a n t  p re d ic to r  

v a r ia b le  th a t  c o u ld  h a v e  e ith e r  sh o rt- te rm  o r  lo n g -te rm  im p a c t  o n  th e  r e s p o n s e  v a r ia b le  

P _ v a lu e s _ m in = p d .D a ta F ra m e (P _ v a lu e s .m in ( ) ) .T .re n a m e ( in d e x = { 0 : 'M in  P _ A ll  L a g s '} )

# i f  th e  p -v a lu e  o b ta in e d  f ro m  th e  te s t  is  g re a te r  th a n  th e  s ig n if ic a n c e  lev e l o f  0 .0 5 , th e n  

th e re  is  n o  c a u sa lity

I r re le v a n t_ p re d ic to rs _ in d ic e s=  [] # in it ia l iz in g  a  l is t  th a t  w ill s to re  th e  in d ic e s  o f  th e  

ir re le v a n t  p re d ic to rs

fo r  i in  ra n g e (1 ,P _ v a lu e s _ m in .T .s h a p e [0 ] ) :  # s ta r tin g  f ro m  1 b e c a u s e  w e  d o  n o t  w a n t  to  

d ro p  th e  o u tp u t  v a r ia b le  w h ic h  p re s e n t  a t in d e x  0 

i f  P _ v a lu e s _ m in .T .i lo c [ i ,0 ]  >  0 .05 :

I r re le v a n t_ p re d ic to rs _ in d ic e s .a p p e n d ( i)

# d ro p p in g  th e  ir re le v a n t  p re d ic to rs  f ro m  th e  d if fe re n c e d  t ra in in g  d a ta  a n d  f ro m  th e  te s t in g  

d a ta

d f_ tra in _ d if fe re n c e d _ o rd e r_ 2 .d ro p (D a ta .c o lu m n s [ I r re le v a n t_ p re d i  c to rs _ in d ic e s ] ,a x is= 1 , 

in p la c e = T ru e )



# h a v in g  a  fu n c tio n  th a t  w o u ld  p e rfo rm  J o h a n so n 's  c o in te g ra t io n  te s t  c a lc u la tio n s  

d e f  c o in te g ra tio n _ te s t(d f , N u m b e r_ o f_ la g g e d _ d if fe re n c e s ,a lp h a = 0 .0 5 ) :

.....T h is  fu n c tio n  p e rfo rm s  J o h a n so n 's  C o in te g ra tio n  T e s t a n d  re p o r ts  a  s u m m a ry ......

o u t =  c o in t_ jo h a n s e n (d f ,-1 ,N u m b e r_ o f_ la g g e d _ d if fe re n c e s )  

d  =  { '0 .9 0 ':0 , '0 .9 5 ':1 , '0 .9 9 ':2 }  

t ra c e s  =  ou t.lr1

c v ts  =  o u t.c v t[ :, d [s tr (1 -a lp h a )]]

d e f  a d ju s t(v a l, le n g th =  6): re tu rn  s tr (v a l) .lju s t( le n g th )

#  S u m m a ry

p r in t( 'R a n k  :: T e s t S ta t >  C (9 5 % ) = >  C o in te g ra tio n ?  \n ', '- - '* 2 0 )

fo r  ran k , t ra c e , c v t in  z ip ( ra n g e (0 ,le n (d f .c o lu m n s ) ) , t ra c e s , cv ts): 

i f  ran k = = 0 :

p r in t( 'r  = ',ra n k , ' :: ', a d ju s t(ro u n d ( tra c e ,2 ) , 9), ">", a d ju s t(c v t, 8), ' = >  ' , t ra c e  >

cv t)

e lse :

p r in t( 'r  < = ',ra n k , ':: ', a d ju s t(ro u n d ( tra c e ,2 ) , 9), ">", a d ju s t(c v t, 8), ' = >  ' , tra c e  >

cv t)

# a c c o rd in g  to  G ile s  (2 0 1 1 ), w e  sh o u ld  se t u p  a  V A R  m o d e l in  th e  le v e ls  o f  th e  d a ta , 

re g a rd le s s  o f  th e  o rd e rs  o f  in te g ra t io n  o f  th e  v a r io u s  t im e -se r ie s . T h e re fo re , w e  m u s t  n o t 

d if fe re n c e  th e  d a ta  fo r  th e  V A R  m o d e l fo r  th e  c o in te g ra t io n  p u rp o se s  

m o d e l_ to _ d e te rm in e _ n u m b e r_ o f_ la g g e d _ d if fe re n c e s _ fo r_ c o in te g ra t io n =  

V A R (d f_ tra in .d ro p (D a ta .c o lu m n s [ I r re le v a n t_ p re d ic to rs _ in d ic e s ] ,a x is = 1 , in p la c e = F a ls e ) )
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# g e tt in g  th e  o p tim a l o rd e r  fo r  th e  V A R  m o d e l c o rre s p o n d in g  to  th e  lo w e s t  A IC  

(A k a ik e  in fo rm a tio n  c r ite r io n )  a c c o rd in g  to  F a g h ih  a n d  K a sh a n i (2 0 1 8 )  a n d  G ile s  (2 0 1 1 )  

N u m b e r_ o f_ la g g e d _ d if fe re n c e s= m o d e l_ to _ d e te rm in e _ n u m b e r_ o f_ la g g e d _ d if fe re n c e s _ fo  

r_ c o in te g ra ti  o n .s e le c t_ o rd e r( ) .s e le c te d _ o rd e rs  [ 'a ic ']

# w e  n e e d  to  c o n firm  th a t  f o r  th e  s e le c te d  la g  le n g th , th e  re s id u a ls  o f  th e  V A R  m o d e l a re  

n o t  c o rre la te d . I f  th e y  a re  n o t, th e n  w e  c a n  p ro c e e d . I f  th e y  a re , th e n  w e  m a y  h a v e  to  

m o d ify  th e  la g  len g th . In  o th e r  w o rd s , i f  th e  re s id u a ls  a re  c o rre la te d  th e n  w e  m ig h t 

in c re a s e  th e  la g g e d  d if fe re n c e s  u n til  an y  a u to c o r re la t io n  is su e s  a re  re s o lv e d  a c c o rd in g  to  

G ile s  (2 0 1 1 )

# fo r  th a t  p u rp o se , w e  w ill u s e  D u rb in  W a ts o n  s ta tis t ic  

# f it t in g  th e  V A R  m o d e l fo r  c o in te g ra tio n  p u rp o se s

m o d e l_ f it te d _ to _ d e te rm in e _ n u m b e r_ o f_ la g g e d _ d if fe re n c e s _ fo r_ c o in te g ra t io n  =  

m o d e l_ to _ d e te rm in e _ n u m b e r_ o f_ la g g e d _ d if fe re n c e s _ fo r_ c o in te g ra t io n .f i t(m o d e l_ to _ d e t  

e rm in e _ n u m b e r_ o f_ la g g e d _ d if fe re n c e s _ fo r_ c o in te g ra t io n .se le c t_ o rd e r ( ) .s e le c te d _ o rd e rs [ ' 

a ic '])

# g e tt in g  th e  su m m a ry

m o d e l_ f it te d _ to _ d e te rm in e _ n u m b e r_ o f_ la g g e d _ d if fe re n c e s _ fo r_ c o in te g ra t io n .s u m m a ry ()  

d e f  a d ju s t(v a l, le n g th =  6): re tu rn  s tr (v a l) .lju s t( le n g th )  

fo r  co l, v a l in  z ip (D a ta .c o lu m n s ,

d u rb in _ w a ts o n (m o d e l_ f it te d _ to _ d e te rm in e _ n u m b e r_ o f_ la g g e d _ d if fe re n c e s_ fo r_ c o in te g r

a tio n .re s id )) :
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p r in t(a d ju s t(c o l) , ':', ro u n d (v a l, 2 ))



# w e  a re  p a r t ic u la r ly  in te re s te d  w ith  th e  s ta tis t ic  o f  th e  re s p o n s e  v a r ia b le  w h ic h  is  

'G ro ss  P ro d u c tiv ity  ($ /m a n -h o u r) '
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# s in c e  th e  o b ta in e d  s ta tis t ic  is  2 .03  w h ic h  is  c lo se  to  th e  v a lu e  o f  2 , th e n  w e  c a n  c o n c lu d e  

th a t  th e re  is  n o  s ig n if ic a n t se ria l c o rre la t io n  (w h ic h  is  a  g o o d  th in g ) . T h e n  w e  c a n  p ro c e e d  

w ith  th e  c h o se n  la g  a n d  w ith  th e  N u m b e r  o f  la g g e d  d if fe re n c e s  as w e ll 

# c a ll in g  th e  J o h a n so n 's  c o in te g ra t io n  te s t  fu n c tio n

# n o te  th a t  w e  a lw a y s  n e e d  to  d o  th e  c o in te g ra t io n  te s t  o n  th e  in it ia l  d a ta  a n d  n o t  th e  

d iffe re n c e d  o n e

c o in te g ra t io n _ te s t(d f_ tra in .d ro p (D a ta .c o lu m n s [ I r re le v a n t_ p re d ic to rs _ in d ic e s ] ,a x is = 1 ,

in p la c e = F a ls e ) ,N u m b e r_ o f_ la g g e d _ d if fe re n c e s= N u m b e r_ o f_ la g g e d _ d if fe re n c e s )

# to  s e le c t th e  b e s t  o rd e r  o f  th e  F IN A L  p ro d u c tiv ity  V A R  m o d e l, w e  sh a ll i te ra tiv e ly  f i t

in c re a s in g  o rd e rs  a n d  c h o o se  th e  o rd e r  th a t  g iv es  a  m o d e l w ith  le a s t  B IC .

m o d e l =  V A R (d f_ tra in _ d if fe re n c e d _ o rd e r_ 2 )

x  =  m o d e l.s e le c t_ o rd e r( )

x .s u m m a ry ( )

# g e tt in g  th e  o p tim a l o rd e r  fo r  th e  V A R  m o d e l c o rre s p o n d in g  to  th e  lo w e s t  B IC . 

b e s t_ o rd e r= x .s e le c te d _ o rd e rs [ 'b ic ']

# f it t in g  th e  V A R  m o d e l 

m o d e l_ f it te d  =  m o d e l.f it (b e s t_ o rd e r)

# g e tt in g  th e  su m m a ry  

m o d e l_ f it te d .s u m m a ry ( )

# n o te  th a t  w e  d o  n o t  n e e d  all th e  f it te d  m o d e l, w e  o n ly  n e e d  th e  o n e  fo r  th e  G ro ss

P ro d u c tiv ity  ($ /m a n -h o u r)



# w e  n e e d  to  c h e c k  fo r  se ria l c o rre la t io n  o f  re s id u a ls  u s in g  D u rb in  W a ts o n  s ta tis t ic  to  

e n su re  th a t  th e  m o d e l is  su ff ic ie n tly  a b le  to  e x p la in  th e  v a r ia n c e s  a n d  p a tte rn s  in  th e  t im e  

se rie s.

o u t =  d u rb in _ w a ts o n (m o d e l_ f it te d .re s id )  

d e f  a d ju s t(v a l, le n g th =  6): re tu rn  s tr (v a l) .lju s t( le n g th )  

fo r  co l, v a l in  z ip (D a ta .c o lu m n s , ou t): 

p r in t(a d ju s t(c o l) , ':', ro u n d (v a l, 2 ))

# w e  a re  p a r t ic u la r ly  in te re s te d  w ith  th e  s ta tis t ic  o f  th e  re s p o n s e  v a r ia b le  w h ic h  is  'G ro ss  

P ro d u c tiv ity  ($ /m a n -h o u r) '

# s in c e  th e  o b ta in e d  s ta tis t ic  is  2 .2  w h ic h  is  c lo se  to  th e  v a lu e  o f  2 , th e n  w e  c a n  c o n c lu d e  

th a t  th e re  is  n o  s ig n if ic a n t se ria l c o rre la t io n  (w h ic h  is  a  g o o d  th in g )

# w e  n e e d  to  u s e  th e  f i t te d  V A R  m o d e l to  fo re c a s t  o n  th e  u n s e e n  te s t in g  se t 

la g _ o rd e r  =  m o d e l_ f it te d .k _ a r  # g e tt in g  th e  la g  o rd e r  o f  th e  f i t te r  V A R  m o d e l (n o te : th is  

re tu rn s  a  v a lu e  o f  2 )

# d e f in in g  th e  in p u t d a ta  fo r  o u r  fo re c a s t  w h ic h  sh o u ld  b e  th e  la s t  ‘la g  o rd e r ’ m o n th s  o f  

th e  d iffe re n c e d  t ra in in g  se t

fo re c a s t_ in p u t =  d f_ tra in _ d if fe re n c e d _ o rd e r_ 2 .v a lu e s [ - la g _ o rd e r :]

# fo re c a s t in g

fc  =  m o d e l_ f it te d .fo re c a s t(y = fo re c a s t_ in p u t, s te p s = te s tin g _ s iz e )  

t r a n s f o r m in g  it  to  a  d a ta f ra m e

d f_ fo re c a s t  =  p d .D a ta F ra m e (fc , in d e x = d f_ te s t .in d e x , c o lu m n s = d f_ te s t .c o lu m n s  +  '_ 2 d ')

# d e f in in g  a  fu n c tio n  to  in v e r t  th e  t ra n s fo rm a tio n
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def invert_transformation(df_train, df_forecast, second_diff=False):
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.....R e v e r t  b a c k  th e  d iffe re n c in g  to  g e t th e  fo re c a s t  to  o r ig in a l scale .

T o  b e  n o te d  is  th a t  d f  t ra in  sh a ll b e  th e  o r ig in a l tra in in g  d a ta  (w ith  n o  d if fe re n c in g )  b u t  

d im e n s io n a lly  re d u c e d  ( in  te rm s  o f  c o lu m n s )  b a s e d  o n  th e  s e le c te d  p re d ic to rs  f ro m  th e  

G ra n g e r  C a u sa lity  tes t.

O n  th e  o th e r  h a n d , th e  d f  fo re c a s t  sh a ll b e  th e  p re d ic te d  d if fe re n c e d  d a ta .....

d f_ fc  =  d f_ fo re c a s t .c o p y ()  

c o lu m n s  =  d f_ tra in .c o lu m n s  

fo r  co l in  c o lu m n s :

#  R o ll  b a c k  2 n d  D i f f  

i f  s e co n d _ d iff :

d f_ fc [s tr (c o l)+ '_ 1 d ']  =  (d f_ tra in [c o l] .i lo c [ -1 ] -d f_ tra in [c o l] .i lo c [ -2 ] )  +  

d f_ fc  [ s tr (c o l)+ '_ 2 d ']  .cu m  su m ()

#  R o ll  b a c k  1st D i f f

d f_ fc [s tr (c o l)+ '_ fo re c a s t ']  =  d f_ tra in [c o l] .ilo c [-1 ]  +  d f_ fc [s tr (c o l)+ '_ 1 d '] .c u m s u m ()  

re tu rn  d f_ fc

# c a ll in g  th e  p re v io u s  fu n c tio n  to  in v e r t  th e  fo re c a s ts  to  th e  o r ig in a l sc a le  (w ith  n o

d iffe re n c in g )

d f_ re su lts  =

in v e r t_ tra n s fo rm a tio n (d f_ tra in .d ro p (D a ta .c o lu m n s [ I r re le v a n t_ p re d ic to rs _ in d ic e s ] ,a x is = 1 , 

in p la c e = F a ls e ) , d f_ fo re c a s t, s e c o n d _ d if f= T ru e )

# w e  w a n t  to  p lo t th e  p re d ic te d  v s  ac tu a l v a lu e s
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d f_ re s u lts = d f_ re su lts .re n a m e (c o lu m n s = { 'G ro s s  P ro d u c tiv ity  ($ /m a n -  

h o u r )_ fo re c a s t ': 'P re d ic te d '} )  # c h a n g in g  th e  n a m e  o f  th e  re s p o n s e  v a r ia b le  fo r  th e  

p re d ic te d  re su lts

d f_ te s t= d f_ te s t .re n a m e (c o lu m n s = { 'G ro s s  P ro d u c tiv ity  ($ /m a n -h o u r) ': 'A c tu a l '} )  # c h a n g in g  

th e  n a m e  o f  th e  re s p o n s e  v a r ia b le  b a s e d  o n  a c tu a l v a lu e s  in  th e  te s t in g  se t 

a x = p d .c o n c a t( [d f_ re su lts [ 'P re d ic te d '] ,d f_ te s t[ 'A c tu a l '] ] ,a x is= 1 ) .p lo t( f ig s iz e = (1 2 ,6 ) ,fo n ts iz  

e = 1 2 )  # c o n c a tin a tin g  th e  p re d ic te d  a n d  ac tu a l v a lu e s  in to  a  d a ta f ra m e  a n d  th e n  p lo tt in g  

t ic k la b e ls  =  [ ite m .s tr f tim e ("% b \n % Y ")  fo r  ite m  in

p d .c o n c a t( [d f_ re s u lts [ 'P re d ic te d '] ,d f_ te s t[ 'A c tu a l '] ] ,a x is = 1 ) .in d e x ]  # s p e c ify in g  th e  fo rm a t 

o f  th e  t ic k  la b e ls  as n e e d e d

p lt.x t ic k s (p d .c o n c a t( [d f_ re su lts [ 'P re d ic te d '] ,d f_ te s t[ 'A c tu a l '] ] ,a x is= 1 ) .in d e x ,t ic k la b e ls ,fo n t

s iz e = 1 2 )

p lt .y la b e l( 'G ro s s  P ro d u c tiv ity  ($ /m a n -h o u r) ',fo n ts iz e = 1 4 )  # s e tt in g  th e  y  lab e l 

p lt.x la b e l( '')  # w e  d o  n o t  w a n t  a n  x  lab e l 

a x .s e t_ y lim ((0 ,2 0 0 0 ))  # s e tt in g  lim its  o f  th e  y -a x is

p lt .g r id (w h ic h = 'b o th ',c o lo r= 's ilv e r ',  l in e s ty le = '- - ',  l in e w id th = 1 )  # s h o w in g  a n d  fo rm a tt in g  

th e  g rid s

p l t .le g e n d (fo n ts iz e = 1 4 )  # fo rm a tt in g  th e  fo n t  s iz e  o f  th e  le g e n d  

p lt.s h o w ()

# d e f in in g  a  fu n c tio n  so  c a lc u la te  th e  d if fe re n t  e v a lu a tio n  m e tr ic s  fo r  th e  p re d ic te d  v s  

ac tu a l v a lu e s

d e f  fo re c a s t_ a c c u ra c y ( fo re c a s t ,  ac tu a l):

mape = np.mean(np.abs(forecast - actual)/np.abs(actual)) # MAPE



m e  =  n p .m e a n (fo re c a s t  - a c tu a l)  #  M E

m a e  =  n p .m e a n (n p .a b s ( fo re c a s t  - a c tu a l) )  #  M A E  

m p e  =  n p .m e a n (( fo re c a s t  - a c tu a l) /a c tu a l)  #  M P E  

rm se  =  n p .m e a n (( fo re c a s t  - a c tu a l)* * 2 )* * .5  #  R M S E  

re tu rn ({ 'm a p e ':m a p e , 'm e ':m e , 'm ae ': m ae ,

'm p e ': m p e , 'rm se ':rm se } )  

p r in t( 'E v a lu a tio n  m e tr ic s  a re  as fo llo w s : ')

# c a ll in g  th e  p re v io u s  fu n c tio n

a c c u ra c y _ p ro d  =  fo re c a s t_ a c c u ra c y (d f_ re s u lts [ 'P re d ic te d '] .v a lu e s , 

d f_ te s t[ 'A c tu a l '] .v a lu e s )

d e f  a d ju s t(v a l, le n g th =  6): re tu rn  s tr (v a l) .lju s t( le n g th )  

fo r  k , v  in  a c c u ra c y _ p ro d .ite m s() :  

p r in t(a d ju s t(k ) , ': ', ro u n d (v ,4 ) )

Ml

N o te : th e  re s u lts  sh a ll p r in t  as fo llo w s  

E v a lu a tio n  m e tr ic s  a re  as fo llo w s :
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m a p e : 0 .0 4

m e  : -4 0 .2 9 6 3

m a e : 4 4 .5 5 4 9

m p e : -0 .0 3 6 1

rm se : 5 6 .1 4 1 2

Ml



A P P E N D I X  D .

D A T A , P Y T H O N  C O D E , A N D  R  C O D E  F O R  T H E  U N S U P E R V IS E D  S A F E T Y
M O D E L



Table D.1 Data for the first set of 10 fatality causes.

D a m a g e d , 
d e fe c tiv e , o r  
m a lfu n c tio n in  
g  e q u ip m e n t

L a c k  o f
n e c e s sa ry
e q u ip m e n t

P o o r
e q u ip m e n t 
h a n d lin g  a n d  
n o t  fo llo w in g  
p ro p e r  
o p e ra tio n  
p ro c e d u re s  o r  
m a n u fa c tu re r 's  
sp ecs

U s e  o f
n o n su ita b l
e
e q u ip m e n t

E q u ip m e n t/s p o  
il o n
e x c a v a tio n
ed g e

V ib ra tio n
in
e x c a v a tio
n

E q u ip m e n  
t  t ip p in g

P o o r
la b e lin g

Im p ro p  
e r  u se  
o f  P P E N o  P P E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E
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Table D.1 Data for the first set of 10 fatality causes. (Continued).

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

T R U E F A L S E T R U E T R U E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E
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Table D.1 Data for the first set of 10 fatality causes. (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E T R U E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E T R U E

F A L S E T R U E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T R U E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.1 Data for the first set of 10 fatality causes. (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T R U E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E T R U E
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Table D.1 Data for the first set of 10 fatality causes. (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

T a b le  D .2  D a ta  fo r  th e  se c o n d  se t o f  10 fa ta li ty  c a u se s  ( i.e ., c a u se s  11 to  2 0 ).

N o  fall
a rre s t
sy s tem ,
g u a rd ra ils ,
o r  sa fe ty
n e ts

N o  c a b le  
in su la tio n

N o t
w e a r in g
se a tb e lt

S a fe ty
e le m e n t
fa ilu re

N o /d a m a g  
ed  C a v e  in  
p ro te c tio n

N o
p ro te c tio n
fro m
tra ff ic

N o
d e c k in g

L a c k  o f
e m p lo y e e
k n o w le d g e

L a c k  o f  
c o o rd in a ti 
o n  o f  s ite  
a c tiv it ie s

P o o r  to o l 
h a n d lin g

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.2 Data for the second set of 10 fatality causes (i.e., causes 11 to 20). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.2 Data for the second set of 10 fatality causes (i.e., causes 11 to 20). (Continued).

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.2 Data for the second set of 10 fatality causes (i.e., causes 11 to 20). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E T R U E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.2 Data for the second set of 10 fatality causes (i.e., causes 11 to 20). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T R U E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T a b le  D .3  D a ta  fo r  th e  th ird  se t o f  10 fa ta li ty  c a u se s  (i.e ., c a u se s  21 to  30).

In a p p ro p r i  
a te  to o ls  
u s e d

P o o r
m a te ria l
h a n d lin g

P o o r
s to ra g e

H ig h
e x p o su re
to
c h e m ica l

W e t
m a te ria l

E m p lo y e r
g ro ss
n e g lig e n c e

E m p lo y e r
a llo w e d
e m p lo y e e
to  w o rk  in
an  u n s a fe
e n v iro n m e
n t

L a c k  o f  
k n o w le d g e

b y
e m p lo y e r  
a b o u t s ite  
c o n d itio n s

L a c k  o f
c le a r
e m p lo y e r
in s tru c tio n
s

U tili ty
m is lo c a tin

g
T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E T R U E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

319



Table D.3 Data for the third set of 10 fatality causes (i.e., causes 21 to 30). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E T R U E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.3 Data for the third set of 10 fatality causes (i.e., causes 21 to 30). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E
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Table D.3 Data for the third set of 10 fatality causes (i.e., causes 21 to 30). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.3 Data for the third set of 10 fatality causes (i.e., causes 21 to 30). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.4 Data for the fourth set of 10 fatality causes (i.e., causes 31 to 40).

L ack o f
preventive
action

N o first aid  
personnel

L ack o f  
supervision 
and absence 
o f
com petent
or
necessary
personnel

V ehicle
observer
error

O peration  
carried  out 
by
noncom pete
n t
individual

E m ployee
m isconduct

W illfu lly  
exposing 
se lf  to  
hazardous 
situation

M isjudgem  
ent o f  
hazardous 
situation

L ack o f  
specific on 
the jo b  
tra in ing

L ack o f  
general 
health  and 
safety 
tra in ing

FA L SE FA LSE FA LSE FA LSE FA LSE TR U E TR U E FA LSE FA LSE FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE TR U E FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE
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Table D.4 Data for the fourth set of 10 fatality causes (i.e., causes 31 to 40). (Continued).

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE

FA L SE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE TR U E FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

TR U E FA LSE FA LSE FA LSE FA LSE TR U E TR U E FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE TR U E TR U E FA LSE FA LSE TR U E FA LSE

FA L SE TR U E TR U E FA LSE FA LSE TR U E TR U E FA LSE TR U E FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE TR U E TR U E FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE TR U E TR U E FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE
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Table D.4 Data for the fourth set of 10 fatality causes (i.e., causes 31 to 40). (Continued).

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE TR U E FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE TR U E FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE
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Table D.4 Data for the fourth set of 10 fatality causes (i.e., causes 31 to 40). (Continued).

FA L SE FA LSE TR U E FA LSE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE TR U E

FA L SE FA LSE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE TR U E FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE
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Table D.4 Data for the fourth set of 10 fatality causes (i.e., causes 31 to 40). (Continued).

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

FA L SE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE FA LSE TR U E FA LSE

T a b le  D .5  D a ta  fo r  th e  f if th  se t o f  10 fa ta li ty  c a u se s  (i.e ., c a u se s  41 to  50).

N o  jo b s ite  
in sp e c tio n

L a c k  o f
in sp e c tio n
fo r
e q u ip m e n t 
a n d  to o ls

P o o r
a s se m b lin g
o f
e q u ip m e n t/
s c a ffo ld /d e
c k in g /fo rm
w o rk

E r ro r  in  
d e s ig n

F a ilu re  o f
s tru c tu ra l
e le m e n t

C o lla p se
o f
s tru c tu re

O v e r
e x c a v a tin g

N o  sa fe  
a c c e s s  to  
s ite /sc a ffo l 
d /tre n c h

P o o r
h o u se k e e p i

n g

N o  sa fe  
e x it  to  site

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.5 Data for the fifth set of 10 fatality causes (i.e., causes 41 to 50). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E T R U E F A L S E F A L S E T R U E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E T R U E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E
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Table D.5 Data for the fifth set of 10 fatality causes (i.e., causes 41 to 50). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.5 Data for the fifth set of 10 fatality causes (i.e., causes 41 to 50). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E T R U E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.5 Data for the fifth set of 10 fatality causes (i.e., causes 41 to 50). (Continued).

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E T R U E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E T R U E T R U E T R U E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E T R U E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T a b le  D .6  D a ta  fo r  th e  s ix th  se t o f  10 fa ta li ty  c a u se s  ( i.e ., c a u se s  51 to  60).

W o rk in g  
su rfa c e  
c o n d itio n  
n o t  su ite d  
to  ta s k

S ite
o b s tru c tio n

N o  sa fe  
w a lk w a y s

N o  s ite  
su rv e y

In a p p ro p ri
a te
lig h tin g

N o t
fo llo w in g
p ro p e r
w o rk
p ro c e d u re s

N o  h a z a rd
id e n tif ic a ti
o n /c o m m u
n ic a tio n
p ro g ra m

N o  te s t in g  
p ro c e d u re  
fo r
e q u ip m e n t

N o
e ffe c tiv e
e m e rg e n c y
p la n

L a c k  o f  
sa fe
w o rk in g
p ro c e d u re s

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.6 Data for the sixth set of 10 fatality causes (i.e., causes 51 to 60). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E T R U E T R U E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

333



Table D.6 Data for the sixth set of 10 fatality causes (i.e., causes 51 to 60). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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Table D.6 Data for the sixth set of 10 fatality causes (i.e., causes 51 to 60). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E
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Table D.6 Data for the sixth set of 10 fatality causes (i.e., causes 51 to 60). (Continued).

F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E T R U E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E

F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E F A L S E
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T h e  d a ta  u s e d  fo r  th e  d e v e lo p e d  m o d e l is  a  B o o le a n  m a tr ix  (i.e ., c o m p r ise d  o f  

T R U E  a n d  F A L S E  v a lu e s  o n ly )  w h e re  th e  c o lu m n s  a re  th e  6 0  fa ta li ty  c a u se s  a n d  th e  ro w s  

a re  th e  100 c a se  f ile s . A  ‘T R U E ’ v a lu e  m e a n s  th a t  th e  c o rre s p o n d in g  fa ta li ty  fa c to r /c a u s e  

w a s  re p o r te d  in  th e  a s so c ia te d  c a se  file . A  ‘F A L S E ’ v a lu e  m e a n s  th a t  th e  c o rre s p o n d in g  

fa ta li ty  is  n o t  re p o r te d  in  th e  a s so c ia te d  c a se  file . T h is  d a ta  w a s  sh o w n  p rev io u s ly . T o  b e  

a b le  to  u s e  it, th e  c o lu m n s  w ill  n e e d  to  b e  a g g re g a te d  so  th a t  a  B o o le a n  m a tr ix  o f  s iz e  100 

b y  6 0  is  fo rm e d . T o  b e  a b le  to  ru n  th e  P y th o n  c o d e  b e lo w , th is  a g g re g a te d  d a ta  n e e d s  to  b e  

s a v e d  in  a  c sv  (c o m m a -s e p a ra te d  v a lu e s )  f ile  n a m e d  ‘R e fe re n c e  M a tr ix _ B o o le a n .c s v ’ .

T h e  im p le m e n te d  P y th o n  c o d e  ( th e  c o d e s ’ c o m m e n ts  a re  sh o w n  as u n d e r l in e d )  fo r  

th e  c lu s te r in g  a lg o r ith m  is  as  fo llo w s :

# im p o r tin g  all n e e d e d  p a c k a g e s

im p o r t  p a n d a s  as p d

im p o r t  n u m p y  a s  n p

im p o r t  m a tp lo tlib

im p o r t  m a tp lo tl ib .p y p lo t  as p lt

im p o r t  s e a b o rn  as sn s

f ro m  s k le a rn .c lu s te r  im p o r t  K M e a n s

fro m  n u m p y .lin a lg  im p o r t  m a tr ix _ p o w e r

fro m  n u m p y .lin a lg  im p o r t  m u lt i_ d o t

f ro m  s c ip y .l in a lg  im p o r t  f ra c tio n a l_ m a tr ix _ p o w e r

fro m  sk le a rn .m e tr ic s  im p o r t  s i lh o u e tte _ sc o re

im p o r t  o p e n p y x l

im p o r t  x lrd



im p o r t  x lw t 

im p o r t  c sv  

% m a tp lo tlib  in lin e

338

N o te : th e  fo llo w in g  v e rs io n s  w e re  u s e d  fo r  th e  d if fe re n t  p a c k a g e s :

V e rs io n  o f  p a n d a s  is: 1 .1 .5

V e rs io n  o f  n u m p y  is: 1 .20.1

V e rs io n  o f  s e a b o rn  is: 0 .11 .1

V e rs io n  o f  m a tp lo tlib  is: 3 .3 .4

V e rs io n  o f  sk le a rn  is: 0 .24 .1

V e rs io n  o f  o p e n p y x l is: 3 .0 .7

V e rs io n  o f  x lrd  is: 2 .0 .1

V e rs io n  o f  c sv  is: 1.0

# re a d in g  th e  re fe re n c e  m a tr ix  in  a  B o o le a n  fo rm a t ( i.e ., T R U E  a n d  F A L S E ). R o w s  a re  c a se  

f ile s  a n d  c o lu m n s  a re  f a ta li ty  c a u se s

R e fe re n c e _ M a tr ix _ B o o le a n  =  p d .re a d _ c s v (" R e fe re n c e  M a tr ix _ B o o le a n .c sv " )  

# tra n s fo rm in g  th e  B o o le a n  re fe re n c e  m a tr ix  to  a  b in a ry  re fe re n c e  m a tr ix  

R e fe re n c e _ M a tr ix _ B in a ry = n p .m u lt ip ly (R e fe re n c e _ M a tr ix _ B o o le a n , 1)

# ta k in g  th e  t ra n s p o s e  o f  th e  re fe re n c e  m a tr ix  so  th a t  fa ta li ty  c a u se s  b e c o m e  o n  th e  ro w s  

a n d  th e  c a se  f ile s  o n  th e  c o lu m n s

Reference_Matrix_Binary=np.transpose(Reference_Matrix_Binary)

# c a lc u la t in g  th e  a d ja c e n c y  m a tr ix
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n p .tra n s p o s e (R e fe re n c e _ M a tr ix _ B in a ry .v a lu e s ) )

# tra n s fo rm in g  it  to  a  d a ta f ra m e

A d ja c e n c y _ M a tr ix = p d .D a ta F ra m e (A d ja c e n c y _ M a tr ix )

# re p la c in g  th e  v a lu e s  o n  th e  d ia g o n a ls  w ith  z e ro s  

fo r  i in  ra n g e (A d ja c e n c y _ M a tr ix .s h a p e [0 ] ) :  

fo r  j in  ra n g e (A d ja c e n c y _ M a tr ix .s h a p e [1 ] ) :

i f  i= = j:

A d ja c e n c y _ M a tr ix .i lo c [ i ,j ]= 0

# c h o o s in g  th e  o p tim a l n u m b e r  o f  c lu s te rs  b a s e d  o n  th e  s ilh o u e tte  sco re

sil =  [] # in it ia l iz in g  a  l is t  th a t  w ill  s to re  th e  s ilh o u e tte  sc o re s

k m in  =  3 # c h o o s in g  th e  m in im u m  n u m b e r  o f  c lu s te rs

k m a x  =  2 0  # c h o o s in g  th e  m a x im u m  n u m b e r  o f  c lu s te rs

# c a lc u la t in g  th e  s ilh o u e tte  sc o re  fo r  e a c h  v a lu e  o f  k

fo r  k  in  ra n g e (k m in , k m ax + 1 ):

k m e a n s  =  K M e a n s (n _ c lu s te rs  =  k ,ra n d o m _ s ta te = 4 2 ) .f i t (A d ja c e n c y _ M a tr ix )  

la b e ls  =  k m e a n s .la b e ls_

s i l .a p p e n d (s i lh o u e tte _ s c o re (A d ja c e n c y _ M a tr ix , la b e ls , m e tr ic  =  'e u c lid e a n ') )  

# tra n s fo rm in g  th e  sil l is t  to  a  d ic tio n a ry  w h e re  th e  k e y s  a re  th e  k  v a lu e s  an d  th e  v a lu e s  a re  

th e  sil sc o re s

s il_ d ic  =  {x : s il[x -  k m in ]  fo r  x  in  ra n g e (k m in , k m ax + 1 )}

# g e tt in g  th e  o p tim a l n u m b e r  o f  c lu s te rs  c o rre s p o n d in g  to  th e  m a x im u m  sil sco re  

k _ o p tim a l= m a x (s il_ d ic , k e y = s il_ d ic .g e t)

Adjacency_Matrix = np.matmul(Reference_Matrix_Binary.values,



p r in t( 'T h e  o p tim a l n u m b e r  o f  c lu s te rs  is : ',k _ o p tim a l)

# p lo tt in g  th e  sil sc o re s  

p lt.f ig u re (f ig s iz e = (8 ,6 ))

p lt.p lo t(n p .a ra n g e (k m in , k m a x + 1 , 1 ) ,s i l ,m a rk e r= 'o ')  

p l t .a x v lin e (x =  k _ o p t im a l,c = 're d ',y m a x = 0 .9 5 ,l in e s ty le = ': ')  

p lt.x t ic k s (n p .a ra n g e (k m in , k m a x + 1 , 1 .0)) 

p lt.y la b e l( 'S ilh o u e tte  S c o re ',fo n tw e ig h t= 'b o ld ',fo n ts iz e = 1 4 )  

p l t .x la b e l( 'N u m b e r  o f  C lu s te rs  (k ) ',fo n tw e ig h t= 'b o ld ',fo n ts iz e = 1 4 )  

p lt.x l im ((k m in -0 .5 , k m a x + 0 .5 ))  

p lt.y lim ((0 , m a x (s il)* 1 .0 7 ))  

p l t.g r id ( lin e s ty le = ': ',  l in e w id th = '0 .6 ', c o lo r= 'g ra y ')  

p lt.s h o w ()

# c a lc u la t in g  th e  d e g re e  m a tr ix

D  =  n p .d ia g (n p .s u m (n p .a r ra y (A d ja c e n c y _ M a tr ix ) , a x is= 1 ))

# c a lc u la t in g  th e  u n o rm a liz e d  L a p la c ia n  m a tr ix  

L _ u n n o rm a liz e d  =  D  - A d ja c e n c y _ M a tr ix  

# c a lc u la t in g  th e  n o rm a liz e d  sy m m e tr ic a l L a p la c ia n  m a tr ix

L _ n o rm a liz e d  =  m u lt i_ d o t( [ f ra c tio n a l_ m a tr ix _ p o w e r(D , -0 .5 ), L _ u n n o rm a liz e d , 

f ra c tio n a l_ m a tr ix _ p o w e r(D , -0 .5 )])

# c a lc u la t in g  th e  e ig e n v a lu e s  a n d  e ig e n v e c to rs  

e, v  =  n p .l in a lg .e ig (L _ n o rm a liz e d )

# d im e n s io n  re d u c tio n  b y  c h o o s in g  th e  la rg e s t  k  e ig e n v e c to rs

340

L a rg e s t_ E ig e n v a lu e s = e [n p .a rg s o r t(e ) [ -k _ o p tim a l:] ]
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# g e tt in g  th e  in d ic e s  o f  th e  la rg e s t

L a rg e s t_ E ig e n v a lu e s _ in d ic e s = (e [ : ,  N o n e ]  = =  L a rg e s t_ E ig e n v a lu e s ) .a rg m a x (a x is = 0 )

# g e tt in g  th e  fa ta li ty  c a u se  n u m b e rs  c o rre s p o n d in g  to  th e  la rg e s t  k  e ig e n v e c to rs  

L a rg e s t_ E ig e n v a lu e s _ fa ta li ty _ c a u s e s  =  [x  +  1 fo r  x  in  L a rg e s t_ E ig e n v a lu e s _ in d ic e s ]  

# c a lc u la t in g  th e  U  m a tr ix  

U = v [ :,L a rg e s t_ E ig e n v a lu e s _ in d ic e s ]

# c a lc u la t in g  th e  T  m a tr ix

# f i r s t  w e  n e e d  to  g e t th e  s q u a re d  v a lu e s  o f  th e  m a tr ix  U  

u _ s q u a re d  =  n p .p o w e r(U , 2 )

# se c o n d , w e  n e e d  to  su m  th e  o b ta in e d  v a lu e s  o v e r  th e  ro w s  

s u m _ u _ s q u a re d _ ro w s = n p .s u m (u _ s q u a re d , a x is  =  1)

# th ird , w e  n e e d  to  g e t th e  sq u a re  ro o t  o f  th e  su m s 

s u m _ ro o t= n p .p o w e r(s u m _ u _ s q u a re d _ ro w s , 0 .5 )

# f in a lly , w e  n e e d  to  g e t th e  T  m a tr ix  

T = (U  /  su m _ ro o t[ : ,N o n e ])

# th e  f in a l s tep  o f  th e  sp e c tra l c lu s te r in g  is  k -m e a n s  c lu s te r in g

k m  =  K M e a n s ( in it= 'k -m e a n s + + ',  ra n d o m _ s ta te = 2 8 3 , n _ c lu s te rs = k _ o p tim a l)  # d e fin in g  th e  

k -m e a n s  p a ra m e te rs

k m .f i t(T )  # f it t in g  th e  k -m e a n s  c lu s te r in g  a lg o r ith m

C lu s te rs = k m .la b e ls_  # g e tt in g  th e  la b e ls  o f  th e  c lu s te rs  (i.e ., 0, 1, 2 , 3, a n d  4  fo r  th e  60  

fa ta li ty  c a u se s )

p r in t(C lu s te rs )
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# th e  p r in te d  o u tp u t is: [1 0 4  2  0 0 3 1 3 2  1 4  1 0 1 4  2  0 1 1 4  3 1 1 1 3 0 4  0 0 1 4  1 3 1 4 

0 3 2  2  4  4  3 0 1 0 0 2  3 1 2  2  3 1 2  3 4  2  0 31. N o te  th a t  y o u  m ig h t h a v e  d if fe re n t re su lts  

th a n  th e s e  s in c e  k -m e a n s  is s e n s it iv e  to  th e  ra n d o m  in it ia t io n  a n d  a lso  d e p e n d in g  o n  th e  

u s e d  v e rs io n s  o f  th e  p a c k a g e s  a n d  th e  a s so c ia te d  ra n d o m  s ta te  n u m b e r  

# s a v in g  th e  fa ta li ty  c a u se s ' n u m b e rs  in  e a c h  c lu s te r  

# c lu s te r  1

C lu s te r1 _ in d ic e s = n p .w h e re (C lu s te rs  = =  0)

C lu s te r1 _ fa ta l i ty _ c a u s e s  =  [x  +  1 fo r  x  in  C lu s te r1 _ in d ic e s ]

# c lu s te r  2

C lu s te r2 _ in d ic e s = n p .w h e re (C lu s te rs  = =  2 )  # n o te : th is  2  c o u ld  h a v e  b e e n  an y  n u m b e r  o f  

th e  fo llo w in g : 0, 1, 2 , 3, 4. B u t  all n u m b e rs  n e e d  to  c o v e re d  th ro u g h o u t  a ll c lu s te rs  

C lu s te r2 _ fa ta l i ty _ c a u s e s  =  [x  +  1 fo r  x  in  C lu s te r2 _ in d ic e s ]

# c lu s te r  3

C lu s te r3 _ in d ic e s = n p .w h e re (C lu s te rs  = =  1)

C lu s te r3 _ fa ta l i ty _ c a u s e s  =  [x  +  1 fo r  x  in  C lu s te r3 _ in d ic e s ]

# c lu s te r  4

C lu s te r4 _ in d ic e s = n p .w h e re (C lu s te rs  = =  4 )

C lu s te r4 _ fa ta l i ty _ c a u s e s  =  [x  +  1 fo r  x  in  C lu s te r4 _ in d ic e s ]

# c lu s te r  5

C lu s te r5 _ in d ic e s = n p .w h e re (C lu s te rs  = =  3)

C lu s te r5 _ fa ta l i ty _ c a u s e s  =  [x  +  1 fo r  x  in  C lu s te r5 _ in d ic e s ]

# p r in tin g  th e  c lu s te rs

p r in t( 'C lu s te r  #1 c o n ta in s  th e  fo llo w in g  fa ta li ty  c a u se s : ',* C lu s te r1 _ fa ta l i ty _ c a u s e s )



p r in t( 'C lu s te r  # 2  c o n ta in s  th e  fo llo w in g  fa ta li ty  c a u se s : ',* C lu s te r2 _ fa ta l i ty _ c a u s e s )  

p r in t( 'C lu s te r  #3 c o n ta in s  th e  fo llo w in g  fa ta li ty  c a u se s : ',* C lu s te r3 _ fa ta l i ty _ c a u s e s )  

p r in t( 'C lu s te r  # 4  c o n ta in s  th e  fo llo w in g  fa ta li ty  c a u se s : ',* C lu s te r4 _ fa ta l i ty _ c a u s e s )  

p r in t( 'C lu s te r  #5  c o n ta in s  th e  fo llo w in g  fa ta li ty  c a u se s : ',* C lu s te r5 _ fa ta l i ty _ c a u s e s )
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T h is  p r in ts  as fo llo w s:

C lu s te r  #1 c o n ta in s  th e  fo llo w in g  fa ta li ty  cau ses : [ 2  5 6 14 18 2 7  2 9  3 0  37  4 4  4 6  4 7  59] 

C lu s te r  # 2  c o n ta in s  th e  fo llo w in g  fa ta li ty  cau ses : [ 4  10 17 3 9  4 0  4 8  51 52  55 58]

C lu s te r  #3 c o n ta in s  th e  fo llo w in g  fa ta li ty  cau ses : [ 1 8 11 13 15 19 2 0  23 2 4  25  31 33 35

45  50  54]

C lu s te r  # 4  c o n ta in s  th e  fo llo w in g  fa ta li ty  cau ses : [ 3 12 16 21 28  3 2  36  41 4 2  57]

C lu s te r  #5  c o n ta in s  th e  fo llo w in g  fa ta li ty  cau ses : [ 7 9 2 2  2 6  3 4  38  43 4 9  53 56  60]

Ml

# s a v in g  th e  d if fe re n t c lu s te rs  in to  e x ce l f ile s

R e fe re n c e _ M a tr ix _ B o o le a n .i lo c [ : ,l is t(C lu s te r1 _ in d ic e s [0 ] ) ] .to _ e x c e l( 'C lu s te r

1. x lsx ',in d e x = F a ls e )

R e fe re n c e _ M a tr ix _ B o o le a n .i lo c [ : ,l is t(C lu s te r2 _ in d ic e s [0 ] ) ] .to _ e x c e l( 'C lu s te r

2 . x lsx ',in d e x = F  a lse )

R e fe re n c e _ M a tr ix _ B o o le a n .i lo c [ : ,l is t(C lu s te r3 _ in d ic e s [0 ] ) ] .to _ e x c e l( 'C lu s te r

3 . x lsx ',in d e x = F  a lse )

R e fe re n c e _ M a tr ix _ B o o le a n .i lo c [ : ,l is t(C lu s te r4 _ in d ic e s [0 ] ) ] .to _ e x c e l( 'C lu s te r

4 . x lsx ',in d e x = F  a lse )



R e fe re n c e _ M a tr ix _ B o o le a n .i lo c [ : ,l is t(C lu s te r5 _ in d ic e s [0 ] ) ] .to _ e x c e l( 'C lu s te r

5 .x lsx ',in d e x = F  a lse )

T h e  im p le m e n te d  R  c o d e  (c o m m e n ts  a re  sh o w n  as u n d e r l in e d )  fo r  th e  a s so c ia tio n  

ru le s  w ith in  C lu s te r  1 is  as  fo llo w s:

# R  v e rs io n  4 .0 .4  w a s  u s e d

# a ll v e rs io n s  o f  R  c o u ld  b e  fo u n d  at: h ttp s : / /c ra n .r -p ro ie c t.o rg /b in /w in d o w s /b a s e /o ld /  

# in s ta ll in g  n e e d e d  p a c k a g e s

in s ta ll .p a c k a g e s (" a ru le s " )  # T h is  R  p a c k a g e  p ro v id e s  th e  in f ra s tru c tu re  fo r  re p re se n tin g , 

m a n ip u la t in g  a n d  a n a ly z in g  tra n s a c tio n  d a ta  a n d  p a tte rn s  u s in g  f re q u e n t i te m se ts  an d  

a s so c ia tio n  ru le s . A lso , it  p ro v id e s  a  w id e  ra n g e  o f  in te re s t  m e a s u re s  a n d  m in in g  a lg o r ith m s  

in c lu d in g  a  in te r fa c e s  a n d  th e  c o d e  o f  B o rg e lt 's  e ff ic ie n t C  im p le m e n ta t io n s  o f  th e  

a s so c ia tio n  m in in g  a lg o r ith m s  A p r io ri  a n d  E c la t.

in s ta ll .p a c k a g e s (" a ru le s V iz " )  # T h is  R  p a c k a g e  e x te n d s  p a c k a g e  a ru le s  w ith  v a r io u s  

v isu a liz a tio n  te c h n iq u e s  fo r  a s so c ia tio n  ru le s  a n d  ite m se ts . T h e  p a c k a g e  a lso  in c lu d e s  

se v era l in te ra c tiv e  v isu a liz a tio n s  fo r  ru le  e x p lo ra tio n .

in s ta ll .p a c k a g e s (" re a d x l" )  # T h is  p a c k a g e  m a k e s  i t  e a sy  to  g e t d a ta  o u t o f  E x c e l a n d  in to  R .

# lo a d in g  th e  n e e d e d  p a c k a g e s

lib ra ry (a ru le s )

lib ra ry ("a ru le s V iz " )

lib ra ry (" re a d x l" )

#  s e tt in g  th e  n u m b e r  o f  d isp la y e d  s ig n if ic a n t d ig its  to  tw o  to  m a k e  th e  o u tp u t  e a s ie r  to  rea d  

o p tio n s (d ig its  =  3)

#  s e tt in g  th e  seed  fo r  th e  ra n d o m  n u m b e r  g e n e ra to r  fo r  p re d ic ta b ili ty

344

https://cran.r-proiect.org/bin/windows/base/old/


set.seed(1234)

# free memory

345

rm ( lis t  =  ls ())

#  re a d  x lsx  d a ta  f ile  in to  th e  w o rk s p a c e  

A R _ D a ta  < - r e a d _ e x c e l( " C lu s te r  1 .x lsx ")

#  sh o w in g  so m e  b a s ic  s ta tis t ic s  o f  th e  d a ta  

s u m m a ry (A R _ D a ta )

#  c o n v e rt  th e  d a ta  in to  th e  tra n s a c tio n s  c la ss  

b a s k e t  < - a s (A R _ D a ta , " tra n sa c tio n s" )

#  u s e  th e  A p r io ri  a lg o r ith m  to  m in e  a s so c ia tio n  ru le s  

ru le s .a ll  < -  a p r io r i(b a s k e t)

#  q u a lity  m e a s u re m e n ts  in c lu d e  su p p o rt, c o n fid e n c e , lif t, a n d  co u n t, ro u n d  to  th re e  d e c im a l 

p la c e s

q u a li ty ( ru le s .a ll)  < -  ro u n d (q u a lity ( ru le s .a ll) ,d ig i ts  =  3)

#  u s e  th e  A p r io ri  a lg o r ith m  to  m in e  a  s u b se t o f  a s so c ia tio n  ru le s

ru le s  < - a p r io r i(b a s k e t ,p a ra m e te r  =  l is t(m in le n = 2 , su p p = 0 .0 1 ,c o n f= 0 .7 5 ,ta rg e t  =  " ru le s" ))

#  to ta l  n u m b e r  o f  ru le s  

ru le s

#  in sp e c t  th e  ru le s  

in sp e c t(ru le s )  

su m m a ry (ru le s )

#  q u a n tita tiv e  m e a s u re s  o f  th e  ru le s ' p ro p e r t ie s  

q u a lity ( ru le s )



346

#  so rt ru le s  b y  l if t  

ru le s .s o r te d  < -  s o r t( ru le s ,b y = " lif t" )

#  q u a n tita tiv e  m e a s u re s  o f  th e  ru le s ' p ro p e r t ie s  

q u a lity ( ru le s .s o r te d )

q u a li ty ( ru le s )  < - ro u n d (q u a lity ( ru le s ) ,d ig its  =  3)

#  c h a n g in g  th e  a x e s  o f  th e  sc a tte r  p lo t

p lo t( ru le s , m e a s u re  =  c (" su p p o rt" , " lift" ), s h a d in g  =  " lift" , 

j i t te r= 0 ,x lim = c (0 .0 , 0 .0 2 ) ,y lim = c (0 , 5 0 ))

#  re -o rd e re d  p a ra lle l c o o rd in a te s  p lo t

p lo t( ru le s , m e th o d  =  " p a ra c o o rd " ,m e a s u re =  "c o n f id e n c e " ,sh a d in g  =  " lif t" ,c o n tro l =  

l is t( re o rd e r  =  T R U E ))

# N o te : y o u  m ig h t n e e d  to  ru n  th e  a b o v e  c o m m a n d  m u lt ip le  t im e s  to  g e t th e  e x a c t  sa m e  

f ig u re  re p o r te d  in  th is  d isse r ta tio n . H o w e v e r , th e re  is  n o  n e e d  fo r  th a t, s in c e  an y  g e n e ra te d  

p lo t  w ill b e  e q u iv a le n t  to  th e  o n e  re p o r te d  in  th is  d isse r ta tio n .

T h e  im p le m e n te d  R  c o d e  (c o m m e n ts  a re  sh o w n  a s  u n d e r l in e d )  fo r  th e  a s so c ia tio n  

ru le s  w ith in  C lu s te r  2  is  as  fo llo w s:

# lo a d in g  th e  n e e d e d  p a c k a g e s  

lib ra ry (a ru le s )  

l ib ra ry ("a ru le s V iz " )  

lib ra ry (" re a d x l" )

#  s e tt in g  th e  n u m b e r  o f  d isp la y e d  s ig n if ic a n t d ig its  to  tw o  to  m a k e  th e  o u tp u t  e a s ie r  to  re a d  

o p tio n s (d ig its  =  3)

#  s e tt in g  th e  seed  fo r  th e  ra n d o m  n u m b e r  g e n e ra to r  fo r  p re d ic ta b ili ty



set.seed(1234)

# free memory
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rm ( lis t  =  ls ())

#  re a d  x lsx  d a ta  f ile  in to  th e  w o rk s p a c e  

A R _ D a ta  < - re a d _ e x c e l(" C lu s te r  2 .x lsx " )

#  sh o w in g  so m e  b a s ic  s ta tis t ic s  o f  th e  d a ta  

s u m m a ry (A R _ D a ta )

#  c o n v e rt  th e  d a ta  in to  th e  t ra n s a c tio n s  c la ss  

b a s k e t  < - a s (A R _ D a ta , " tra n sa c tio n s" )

#  u s e  th e  A p r io ri  a lg o r ith m  to  m in e  a s so c ia tio n  ru le s  

ru le s .a ll  < -  a p r io r i(b a s k e t)

#  q u a lity  m e a s u re m e n ts  in c lu d e  su p p o rt, c o n fid e n c e , lif t, a n d  co u n t, ro u n d  to  th re e  d e c im a l 

p la c e s

q u a li ty ( ru le s .a ll)  < -  ro u n d (q u a lity ( ru le s .a ll) ,d ig i ts  =  3)

#  u s e  th e  A p r io ri  a lg o r ith m  to  m in e  a  s u b se t o f  a s so c ia tio n  ru le s

ru le s  < - a p r io r i(b a s k e t ,p a ra m e te r  =  l is t(m in le n = 2 , s u p p = 0 .0 1 ,c o n f= 0 .7 5 ,ta rg e t  =  " ru le s" ))

#  to ta l  n u m b e r  o f  ru le s  

ru le s

#  in sp e c t  th e  ru le s  

in sp e c t(ru le s )  

su m m a ry (ru le s )

#  q u a n tita tiv e  m e a s u re s  o f  th e  ru le s ' p ro p e r t ie s  

q u a lity ( ru le s )
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#  so rt ru le s  b y  l if t  

ru le s .s o r te d  < -  s o r t( ru le s ,b y = " lif t" )

#  q u a n tita tiv e  m e a s u re s  o f  th e  ru le s ' p ro p e r t ie s  

q u a lity ( ru le s .s o r te d )

q u a li ty ( ru le s )  < - ro u n d (q u a lity ( ru le s ) ,d ig its  =  3)

#  c h a n g in g  th e  a x e s  o f  th e  sc a tte r  p lo t

p lo t( ru le s , m e a s u re  =  c (" su p p o rt" , " lift" ), s h a d in g  =  " c o n fid e n c e " , 

j i t te r= 0 ,x lim = c (0 .0 , 0 .0 5 ) ,y lim = c (0 , 2 0 ))

#  re -o rd e re d  p a ra lle l c o o rd in a te s  p lo t

p lo t( ru le s , m e th o d  =  " p a ra c o o rd " ,m e a s u re =  " lif t" ,sh a d in g  =  " c o n f id e n c e " ,c o n tro l =  

l is t( re o rd e r  =  T R U E ))

# N o te : y o u  m ig h t n e e d  to  ru n  th e  a b o v e  c o m m a n d  m u lt ip le  t im e s  to  g e t th e  e x a c t  sa m e  

f ig u re  re p o r te d  in  th is  d isse r ta tio n . H o w e v e r , th e re  is  n o  n e e d  fo r  th a t, s in c e  an y  g e n e ra te d  

p lo t  w ill b e  e q u iv a le n t  to  th e  o n e  re p o r te d  in  th is  d isse r ta tio n .

T h e  im p le m e n te d  R  c o d e  (c o m m e n ts  a re  sh o w n  a s  u n d e r l in e d )  fo r  th e  a s so c ia tio n  

ru le s  w ith in  C lu s te r  3 is  as  fo llo w s:

# lo a d in g  th e  n e e d e d  p a c k a g e s  

lib ra ry (a ru le s )  

l ib ra ry ("a ru le s V iz " )  

lib ra ry (" re a d x l" )

#  s e tt in g  th e  n u m b e r  o f  d isp la y e d  s ig n if ic a n t d ig its  to  tw o  to  m a k e  th e  o u tp u t  e a s ie r  to  re a d  

o p tio n s (d ig its  =  3)

#  s e tt in g  th e  seed  fo r  th e  ra n d o m  n u m b e r  g e n e ra to r  fo r  p re d ic ta b ili ty



set.seed(1234)

# free memory
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rm ( lis t  =  ls ())

#  re a d  x lsx  d a ta  f ile  in to  th e  w o rk s p a c e  

A R _ D a ta  < - re a d _ e x c e l(" C lu s te r  3 .x lsx " )

#  sh o w in g  so m e  b a s ic  s ta tis t ic s  o f  th e  d a ta  

s u m m a ry (A R _ D a ta )

#  c o n v e rt  th e  d a ta  in to  th e  tra n s a c tio n s  c la ss  

b a s k e t  < - a s (A R _ D a ta , " tra n sa c tio n s" )

#  u s e  th e  A p r io ri  a lg o r ith m  to  m in e  a s so c ia tio n  ru le s  

ru le s .a ll  < -  a p r io r i(b a s k e t)

#  q u a lity  m e a s u re m e n ts  in c lu d e  su p p o rt, c o n fid e n c e , lif t, a n d  co u n t, ro u n d  to  th re e  d e c im a l 

p la c e s

q u a li ty ( ru le s .a ll)  < -  ro u n d (q u a lity ( ru le s .a ll) ,d ig i ts  =  3)

#  u s e  th e  A p r io ri  a lg o r ith m  to  m in e  a  s u b se t o f  a s so c ia tio n  ru le s

ru le s  < - a p r io r i(b a s k e t ,p a ra m e te r  =  l is t(m in le n = 2 , s u p p = 0 .0 1 ,c o n f= 0 .7 5 ,ta rg e t  =  " ru le s" ))

#  to ta l  n u m b e r  o f  ru le s  

ru le s

#  in sp e c t  th e  ru le s  

in sp e c t(ru le s )  

su m m a ry (ru le s )

#  q u a n tita tiv e  m e a s u re s  o f  th e  ru le s ' p ro p e r t ie s  

q u a lity ( ru le s )
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#  so rt ru le s  b y  l if t  

ru le s .s o r te d  < -  s o r t( ru le s ,b y = " lif t" )

#  q u a n tita tiv e  m e a s u re s  o f  th e  ru le s ' p ro p e r t ie s  

q u a lity ( ru le s .s o r te d )

q u a li ty ( ru le s )  < - ro u n d (q u a lity ( ru le s ) ,d ig its  =  3)

#  c h a n g in g  th e  a x e s  o f  th e  sc a tte r  p lo t

p lo t( ru le s , m e a s u re  =  c (" su p p o rt" , " lift" ), s h a d in g  =  "lift" , 

j i t te r= 0 ,x lim = c (0 .0 , 0 .0 3 ) ,y lim = c (0 , 100 ))

#  p a ra lle l c o o rd in a te s  p lo t

p lo t( ru le s , m e th o d  =  "p a ra c o o rd " ,m e a s u re =  "c o n f id e n c e " ,sh a d in g  =  " lift" )

T h e  im p le m e n te d  R  c o d e  (c o m m e n ts  a re  sh o w n  a s  u n d e r l in e d )  fo r  th e  a s so c ia tio n  

ru le s  w ith in  C lu s te r  3 is  as  fo llo w s:

# lo a d in g  th e  n e e d e d  p a c k a g e s  

lib ra ry (a ru le s )  

l ib ra ry ("a ru le s V iz " )  

lib ra ry (" re a d x l" )

#  s e tt in g  th e  n u m b e r  o f  d isp la y e d  s ig n if ic a n t d ig its  to  tw o  to  m a k e  th e  o u tp u t  e a s ie r  to  rea d  

o p tio n s (d ig its  =  3)

#  s e tt in g  th e  seed  fo r  th e  ra n d o m  n u m b e r  g e n e ra to r  fo r  p re d ic ta b ili ty  

se t.s e e d (1 2 3 4 )

#  f re e  m e m o ry

rm (lis t  =  ls ())

#  re a d  x lsx  d a ta  f ile  in to  th e  w o rk s p a c e



A R _ D a ta  < - re a d _ e x c e l(" C lu s te r  4 .x ls x M)

#  sh o w in g  so m e  b a s ic  s ta tis t ic s  o f  th e  d a ta  

s u m m a ry (A R _ D a ta )

#  c o n v e rt  th e  d a ta  in to  th e  tra n s a c tio n s  c la ss  

b a s k e t  < - a s (A R _ D a ta , " tra n sa c tio n s" )

#  u s e  th e  A p r io ri  a lg o r ith m  to  m in e  a s so c ia tio n  ru le s  

ru le s .a ll  < -  a p r io r i(b a s k e t)

#  q u a lity  m e a su re m e n ts , ro u n d  to  th re e  d e c im a l p la c e s  

q u a li ty ( ru le s .a ll)  < -  ro u n d (q u a lity ( ru le s .a ll) ,d ig i ts  =  3)

#  u s e  th e  A p r io ri  a lg o r ith m  to  m in e  a  s u b se t o f  a s so c ia tio n  ru le s

ru le s  < - a p r io r i(b a s k e t ,p a ra m e te r  =  l is t(m in le n = 2 , s u p p = 0 .0 1 ,c o n f= 0 .7 5 ,ta rg e t

#  to ta l  n u m b e r  o f  ru le s  

ru le s

#  in sp e c t  th e  ru le s  

in sp e c t(ru le s )  

su m m a ry (ru le s )

#  q u a n tita tiv e  m e a s u re s  o f  th e  ru le s ' p ro p e r t ie s  

q u a lity ( ru le s )

#  so rt ru le s  b y  l if t  

ru le s .s o r te d  < -  s o r t( ru le s ,b y = " lif t" )

#  q u a n tita tiv e  m e a s u re s  o f  th e  ru le s ' p ro p e r tie s  

q u a lity ( ru le s .s o r te d )

q u a li ty ( ru le s )  < - ro u n d (q u a lity ( ru le s ) ,d ig its  = 3)
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" ru le s" ))



#  c h a n g in g  th e  a x e s  o f  th e  sc a tte r  p lo t

p lo t( ru le s , m e a s u re  =  c (" su p p o rt" , " lift" ), s h a d in g  =  " lift" , 

j i t te r= 0 ,x lim = c (0 .0 , 0 .0 2 ) ,y lim = c (0 , 2 0 ))

#  p a ra lle l c o o rd in a te s  p lo t

p lo t( ru le s , m e th o d  =  "p a ra c o o rd " ,m e a s u re =  " su p p o r t" ,s h a d in g  =  " lift" )

T h e  im p le m e n te d  R  c o d e  (c o m m e n ts  a re  sh o w n  a s  u n d e r l in e d )  fo r  th e  a s so c ia tio n  

ru le s  w ith in  C lu s te r  5 is  as  fo llo w s :

# lo a d in g  th e  n e e d e d  p a c k a g e s  

lib ra ry (a ru le s )  

l ib ra ry ("a ru le s V iz " )  

lib ra ry (" re a d x l" )

#  s e tt in g  th e  n u m b e r  o f  d isp la y e d  s ig n if ic a n t d ig its  to  tw o  to  m a k e  th e  o u tp u t  e a s ie r  to  re a d  

o p tio n s (d ig its  =  3)

#  s e tt in g  th e  seed  fo r  th e  ra n d o m  n u m b e r  g e n e ra to r  fo r  p re d ic ta b ili ty  

se t.s e e d (1 2 3 4 )

#  f re e  m e m o ry  

rm ( lis t  =  ls ())

#  re a d  x lsx  d a ta  f ile  in to  th e  w o rk s p a c e  

A R _ D a ta  < - re a d _ e x c e l(" C lu s te r  5 .x lsx " )

#  sh o w in g  so m e  b a s ic  s ta tis t ic s  o f  th e  d a ta  

s u m m a ry (A R _ D a ta )

#  c o n v e rt  th e  d a ta  in to  th e  tra n s a c tio n s  c la ss
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b a s k e t  < - a s (A R _ D a ta , " tra n sa c tio n s" )



#  u s e  th e  A p r io ri  a lg o r ith m  to  m in e  a s so c ia tio n  ru le s  

ru le s .a ll  < -  a p r io r i(b a s k e t)

#  q u a lity  m e a su re m e n ts , ro u n d  to  th re e  d e c im a l p la c e s  

q u a li ty ( ru le s .a ll)  < -  ro u n d (q u a lity ( ru le s .a ll) ,d ig i ts  =  3)

#  u s e  th e  A p r io ri  a lg o r ith m  to  m in e  a  s u b se t o f  a s so c ia tio n  ru le s

ru le s  < - a p r io r i(b a s k e t ,p a ra m e te r  =  l is t(m in le n = 2 , s u p p = 0 .0 1 ,c o n f= 0 .7 5 ,ta rg e t  =  " ru le s" ))

#  to ta l  n u m b e r  o f  ru le s  

ru le s

#  in sp e c t  th e  ru le s  

in sp e c t(ru le s )  

su m m a ry (ru le s )

#  q u a n tita tiv e  m e a s u re s  o f  th e  ru le s ' p ro p e r t ie s  

q u a lity ( ru le s )

#  so rt ru le s  b y  l if t  

ru le s .s o r te d  < -  s o r t( ru le s ,b y = " lif t" )

#  q u a n tita tiv e  m e a s u re s  o f  th e  ru le s ' p ro p e r t ie s  

q u a lity ( ru le s .s o r te d )

q u a li ty ( ru le s )  < - ro u n d (q u a lity ( ru le s ) ,d ig its  =  3)

#  c h a n g in g  th e  a x e s  o f  th e  sc a tte r  p lo t

p lo t( ru le s , m e a s u re  =  c (" su p p o rt" , " lift" ), s h a d in g  =  " lift" , 

j i t te r= 0 ,x lim = c (0 .0 , 0 .0 2 ) ,y lim = c (0 , 5 0 ))

#  p a ra lle l c o o rd in a te s  p lo t

p lo t( ru le s , m e th o d  =  "p a ra c o o rd " ,m e a s u re =  " su p p o r t" ,s h a d in g  =  " lift" )
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- P r o j e c t  t it le :  T h e  Im p a c t  o f  O ffs ite  C o n s tru c tio n  o n  th e  W o rk fo rc e .

- B r i e f  d e s c r ip t io n :  T h e  C o n s tru c tio n  In d u s try  In s t i tu te  (C II)  h a s  c o m m is s io n e d  R e s e a rc h  

T e a m  (R T )  371 to  s tu d y  th e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  2 0 3 0  w o rk fo rc e  to  

d e v e lo p  b e s t  p ra c tic e s  f o r  p re p a r in g  th e  c u rre n t a n d  fu tu re  c o n s tru c tio n  w o rk fo rc e  b a s e d  

o n  th e  re s u lts  o f  th is  su rv ey . O ffs ite  c o n s tru c tio n  c o u ld  b e  d e f in e d  as: th e  o ffs ite  fa b r ic a tio n  

a n d /o r  p re a s s e m b ly  o f  p ro je c t  c o m p o n e n ts  o r  sy s te m s  th a t  h a v e  tra d itio n a lly  b e e n  s tic k -  

b u i l t  o r  e x e c u te d  o n s ite . I t  in c lu d e s  p re fa b ric a tio n , p re a s se m b ly , a n d  m o d u la r iz a tio n .

- S u r v e y  R i s k s :  A lth o u g h  th e re  is  r is k  o f  lo ss  o f  c o n fid e n tia li ty  in  c a se  an y  c o n fid e n tia l  

in fo rm a tio n  is  d iv u lg e d , all d a ta  w ill  b e  sa v ed  in  a  re d a c te d  fo rm  in c lu d in g  th e  p e rso n a l 

in fo rm a tio n . T h e  in v e s t ig a to rs  w ill  o n ly  c o lle c t  p e rso n a l in fo rm a tio n  th a t  is  a b so lu te ly  

e s se n tia l  to  th e  re s e a rc h  a c tiv ity . T h e  in v e s t ig a to rs  w ill  n e v e r  re le a se  th e  id e n tit ie s  o f  

in d iv id u a l su b je c ts  w ith o u t th e  e x p re s s  c o n s e n t o f  th e  su b jec t. T h e  in v e s t ig a to rs  w ill 

m a in ta in  th e  c o n fid e n tia li ty  o f  id e n tif ia b le  in fo rm a tio n  th ro u g h o u t  th e  e n tire  p ro je c t  

d u ra tio n . T h e  re s e a rc h  te a m  w ill  o n ly  re p o r t  o n  th e  a g g re g a te d  o u tp u t  o f  all re sp o n d e n ts . 

A s  su ch , th e  r isk s  o f  th e  su rv e y  a re  c o n s id e re d  to  b e  “ m in im a l r is k s ” s in c e  th e  p ro b a b ility  

a n d  m a g n itu d e  o f  h a rm  o r  d is c o m fo r t  a n tic ip a te d  in  th e  p ro p o se d  re s e a rc h  a re  n o t  g re a te r , 

in  a n d  o f  th e m se lv e s , th a n  th o se  o rd in a r ily  e n c o u n te re d  in  d a ily  l ife  o r  d u r in g  th e  

p e rfo rm a n c e  o f  ro u tin e  p h y s ic a l o r  p sy c h o lo g ic a l  e x a m in a tio n  o r  te s ts .

- B e n e f it s :  A n y  c o n s tru c tio n  f irm  as w e ll as C II 's  m e m b e r  c o m p a n ie s  sh o u ld  su b s ta n tia lly  

b e n e f i t  f ro m  th e  o u tc o m e s  o f  th is  s u rv e y /s tu d y  as it  w ill:  h e lp  th e m  p o s it io n  th e m s e lv e s  in  

a  m o re  c o m p e tit iv e  a n d  s tra te g ic  w a y ; a s s is t  in  a d d re s s in g  th e  sh o rta g e  in  sk ille d  la b o r  an d  

in  p ro p e r ly  tra in in g  th e  c u rre n t a n d  fu tu re  w o rk fo rc e ; a n d  e n h a n c e  th e i r  b o tto m  lin e , th e ir  

b u s in e s s  o p e ra tio n s , a n d  th e ir  p ro je c t  p e rfo rm a n c e .
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C o n ta c t  in fo rm a tio n  fo r  th e  re se a rc h e r , th e  a d v iso r , a n d  th e  IR B  ch a ir:

- S t u d e n t  r e s e a r c h e r :  R a y a n  H a s s a n e  A ss a a d  (ra y a n .a s s a a d @ m s t.e d u ).

- A d v is o r s :  I s la m  H . E l-a d a w a y  (e la d a w a y @ m s t.e d u ), M a k a ra n d  (M a rk )  H a s ta k  

(h a s ta k @ p u rd u e .e d u ), a n d  K im  L a S c o la  N e e d y  (k n e e d y @ u a rk .e d u ).

- I R B  C h a i r :  K a th ry n  N o r th c u t  (n o r th c u t@ m s t.e d u ).

P a r tic ip a tio n  is  v o lu n ta ry :

- Y o u  a re  k in d ly  re q u e s te d  to  c o m p le te  th is  su rv e y  as y o u  h a v e  an  e x p e r t  k n o w le d g e  an d  

e x p e rie n c e  in  th e  c o n s tru c tio n  in d u s try .

- P le a s e  n o te  th a t  y o u r  p a r t ic ip a tio n  in  th is  su rv e y  is  c o m p le te ly  v o lu n ta ry  a n d  y o u  m ay  

w ith d ra w  a t a n y  t im e  i f  y o u  w ish .

T h e  p ro c e d u re s  fo r  th e  s tu d y :

- T h e  su rv e y  is  d iv id e d  in to  m u lt ip le  p a rts  th a t  v a ry  in  len g th .

- T o  a v o id  b r e a k - o f f  o r  e x h a u s tio n  d u r in g  th e  su rv e y , i t  is  p o s s ib le  to  fill i t  o n  sev era l 

in s ta n c e s  in  c a se  y o u  d o  n o t  h a v e  t im e  to  c o m p le te  i t  in  o n e  sho t. T o  d o  so, ju s t  e x it  th e  

su rv e y  a t an y  t im e  a n d  y o u r  p ro g re s s  w ill  b e  a u to m a tic a l ly  saved .

- W h e n e v e r  y o u  w o u ld  l ik e  to  c o n tin u e  f il lin g  th e  su rv e y , c lic k  o n  th e  l in k  th a t  w a s  s e n t to  

y o u r  em a il to  o p e n  th e  su rv ey . I t  w ill  o p e n  w h e re  y o u  la s t  s to p p e d  ( ju s t  r e m e m b e r  to  u se  

th e  sa m e  c o m p u te r) .

- I f  y o u  p re fe r  a  h a rd  c o p y  v e rs io n  o f  th is  su rv e y  o r  y o u  n e e d  s o m e o n e  to  w a lk  y o u  th ro u g h  

i t  o n  th e  p h o n e , p le a se  c o n ta c t: r a y a n .a s s a a d @ m s t.e d u

- T h e  o v e ra ll su rv e y  w ill  ta k e  a ro u n d  3 0  m in u te s  to  co m p le te .

T h e  m e th o d  o f  e n s u rin g  su b je c ts ' c o n fid e n tia li ty :

mailto:rayan.assaad@mst.edu
mailto:eladaway@mst.edu
mailto:hastak@purdue.edu
mailto:kneedy@uark.edu
mailto:northcut@mst.edu
mailto:rayan.assaad@mst.edu
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- A ll y o u r  p e rso n a l d a ta  a n d  in d iv id u a l a n sw e rs  w ill  b e  u s e d  (c o lle c te d , h a n d le d , s to re d )  in  

c o m p lia n c e  w ith  C I I ’s c o n f id e n tia li ty  ru les .

- F o r  th e  c o lle c te d  p e rso n a l d a ta  (p a r t ic ip a n t  n a m e  a n d  c o m p a n y  n a m e ), th e  d a ta  is  c o d e d  

as e a rly  in  th e  a c tiv ity  as p o s s ib le  a n d  se c u re ly  s to re d  so  th a t  o n ly  th e  in v e s t ig a to rs  an d  

a u th o r iz e d  s ta ff  m a y  a c c e s s  i t .

- T h e  re s e a rc h  te a m  w ill o n ly  re p o r t  o n  th e  a g g re g a te d  o u tp u t  o f  a ll re s p o n d e n ts .

- N o  c o n fid e n tia l  id e n tif ia b le  in fo rm a tio n  w ill b e  d is c lo s e d . T h e  in v e s t ig a to rs  w ill o b ta in  

th e  e x p re s s  p e rm is s io n  o f  th e  su b je c t to  d o  o th e rw ise .

- In  c a se  th e  in v e s t ig a to rs  w is h  to  u s e  d a ta  fo r  a  p u rp o se  o th e r  th a n  th e  o n e  fo r  w h ic h  i t  w a s  

o r ig in a lly  c o lle c te d  a n d  th e  d a ta  a re  still id e n tif ia b le , th e  in v e s t ig a to rs  w ill o b ta in  c o n se n t 

f ro m  th e  su b je c ts  fo r  th e  n e w  u s e  o f  th e  data .

- S u b je c ts  m u s t  b e  a w a re  th a t  th e y  h a v e  th e  r ig h ts  to  b e  p ro te c te d  a g a in s t in ju ry  o r  i lle g a l 

in v a s io n s  o f  th e ir  p r iv a c y  a n d  to  p re s e rv a tio n  o f  th e i r  p e rso n a l d ig n ity .

E x p e c te d  G ro w th  o f  O ffs ite  C o n s tru c tio n :

- A c c o rd in g  to  r e c e n t  s ta tis t ic s , th e  m a rk e t  fo r  o f fs i te /m o d u la r  c o n s tru c tio n  w a s  e s tim a te d  

to  b e  eq u a l to  $ 1 1 2 .4 2  b i l l io n  ( re v e n u e s )  in  2 0 1 8  (M a rk e ts  a n d  M a rk e ts  2 0 1 9 ).

- A  re c e n t  a n a ly s is  c o n d u c te d  b y  F ro s t  &  S u lliv a n  p re d ic te d  th a t  th e  g lo b a l m a rk e t  o f  

o f fs i te /m o d u la r  c o n s tru c tio n  w ill  g ro w  to  re a c h  $2 1 5  b i l l io n  (re v e n u e s )  in  2 0 2 5  as a  re su lt  

o f  th e  u p t ic k  in  c o n s tru c tio n  a c tiv it ie s  a n d  s ig n if ic a n t co s t, lab o r, a n d  t im e  sa v in g s  

a s so c ia te d  w ith  o ffs ite  c o n s tru c tio n  (L im a y e  2 0 1 9 ).

- S in c e  th is  re s e a rc h  fo c u s e s  o n  2 0 3 0 , p le a s e  k e e p  th a t  in fo rm a tio n  in  y o u r  m in d s e t  w h ile  

a n s w e rin g  th e  q u e s tio n s  p re s e n t  in  th is  su rv ey . In  o th e r  w o rd s , w h ile  c o m p le tin g  th e  

su rv e y , p le a se  k e e p  in  m in d  w h e re  th e  in d u s try  w ill  l ik e ly  b e  p o s it io n e d  in  2 0 3 0  b a s e d  o n
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th e  p re v io u s  s ta tis t ic s  (w h ic h  m ig h t re q u ire  so m e  im a g in a tio n  b y  th in k in g  o u ts id e  th e  b o x )  

r a th e r  th a n  w h a t  w ill  b e  th e  s ta te  o f  o f fs ite  c o n s tru c tio n  b a s e d  o n  th e  c u rre n t p ra c tic e s , 

t re n d s ,  a n d  a d v a n c e m e n ts .

P a r t  1: R e s p o n d e n t D a ta

- P le a s e  e n te r  y o u r  f ir s t  a n d  la s t  n a m e ______________________________________________________

- P le a s e  e n te r  y o u r  e -m a il a d d re s s__________________________________________________________

- P le a s e  e n te r  y o u r  jo b  t i t le __________________________________________________________________

- P le a s e  e n te r  y o u r  c ity  a n d  s ta te_____________________________________________________________

- P le a s e  sp e c ify  th e  ty p e  o f  y o u r  c o m p a n y  (c h e c k  all th a t  a p p ly )

□  O w n e r /D e v e lo p e r

□  A rc h ite c t /E n g in e e r

□  G e n e ra l C o n tra c to r /C o n s tru c tio n  M a n a g e r

□  S p e c ia lty  T ra d e  C o n tra c to r

□  S u p p lie r /M a n u fa c tu re r

□  F a b r ic a to rs  ( fa b r ic a tio n  fa c i li ty /s h o p )

□  O th e r, p le a s e  s p e c i f y ______________________________________________________________

- P le a s e  e n te r  y o u r  y e a rs  o f  e x p e rie n c e  in  th e  in d u s try _____________________________________

- P le a s e  e n te r  y o u r  y e a rs  o f  e x p e rie n c e  w ith  o f fs ite  c o n s tru c tio n __________________________

- P le a s e  ra n k  th e  b e lo w  in d u s try  se c to rs  f ro m  th e  o n e  th a t  y o u  a re  'm o s t e x p e rie n c e d  w ith '

(b y  e n te r in g  '1 ' n e x t  to  th e  a s so c ia te d  in d u s try  se c to r)  to  th e  o n e s (s )  th a t  y o u  h a v e  th e  'le a s t

e x p e rie n c e  w ith ' (b y  e n te r in g  2 , 3, 4 , o r  5 n e x t  to  th e  a s so c ia te d  in d u s try  se c to r(s )) . N o  n e e d

to  ra n k  all se c to rs , ju s t  r a n k  th e  se c to rs  th a t  y o u  h a v e  e x p e rie n c e  w ith .

_ _ _ R e s id e n tia l  _ _ _ B u ild in g  (n o n -re s id e n tia l)  a n d  C o m m e rc ia l  _ _ _ In d u s tr ia l

_ _ _ In fra s tru c tu re  _ _ _ R e n o v a tio n /R e v a m p
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T h e  th re e  ta b le s  b e lo w  w ill  c a p tu re  th e  e x p e c te d  2 0 3 0  im p a c t  o n  th e  u p -s k i l l in g  in  th e  

te c h n ic a l sk ills  (c o lu m n  o n  th e  le f t)  a n d  th e  m a n a g e ria l  sk ills  (c o lu m n  o n  th e  r ig h t)  fo r  

th re e  c a te g o rie s : (1 )  D e s ig n  a n d  e n g in e e r in g  w o rk fo rc e  o c c u p a tio n s ; (2 )  p ro je c t  an d  

c o n s tru c tio n  m a n a g e m e n t w o rk fo rc e  o c c u p a tio n s ; an d , (3 )  p ro je c t  a d m in is tra t io n  

w o rk fo rc e  o c c u p a tio n s . P ro v id e  y o u r  a n s w e r  b a s e d  o n  w h e re  th e  in d u s try  w ill l ik e ly  b e  

p o s it io n e d  in  2 0 3 0  (w h ic h  m ig h t re q u ire  so m e  im a g in a tio n  b y  th in k in g  o u ts id e  th e  b o x )  

r a th e r  th a n  w h a t  w ill  b e  th e  s ta te  o f  o f fs ite  c o n s tru c tio n  b a s e d  o n  th e  c u rre n t p ra c tic e s , 

tre n d s , a n d  a d v a n c e m e n ts .

D e s c r ip t io n  o f  th e  sc a le

1 =  N e g lig ib le  (w ill b e  im p a c te d  b y  < 5 % )

2 =  M in o r  (w ill b e  im p a c te d  b y  5 -1 0 % )

3 =  M o d e ra te  (w ill b e  im p a c te d  b y  1 0 -2 0 % )

4 =  S ig n if ic a n t (w ill b e  im p a c te d  b y  2 0 -5 0 % )

5 =  E x tre m e  (w ill b e  im p a c te d  b y  > 5 0 % )

T e c h n ic a l sk ills : a re  th e  te a c h a b le  a n d  m e a s u ra b le  a b il i t ie s /k n o w le d g e  n e e d e d  to  p e rfo rm  

sp e c if ic  ta sk s . T h e y  a re  o f te n  g a in e d  b y  q u a lif ic a tio n s  (e x a m p le s  in c lu d e , b u t  n o t  lim ite d  

to  sc ie n tif ic , m a th e m a tic a l, a n a ly tic a l, a n d  in fo rm a tio n  te c h n o lo g y  sk ills , e tc .)

M a n a g e r ia l  sk ills : a re  th e  a ttr ib u te s  o r  a b ilit ie s  th a t  in d iv id u a ls  p o s s e s s  to  fu lf ill  so m e  

sp e c if ic  m a n a g e m e n t a c tiv it ie s  o r  ta sk s . T h is  k n o w le d g e /a b il i ty  is  u s u a lly  le a rn e d  a n d /o r  

p ra c tic e d  th ro u g h  e x p e rie n c e . E x a m p le s  in c lu d e , b u t  n o t  l im ite d  to : C o n c e p tu a l  sk ills , 

h u m a n  o r  in te rp e rs o n a l sk ills , d e le g a tio n , p ro b le m -s o lv in g , m o tiv a tin g , c o m m u n ic a tio n ,

Part 2: The impact of offsite construction on the workforce’s occupational skills

etc.



360

U p sk ill in g : p ro c e s s  o f  le a rn in g  n e w  sk ills  w ith in  th e  sa m e  jo b  p ro f i le  d u e  to  in c re a s e d  sh if t 

to w a rd s  o ffs ite  c o n s tru c tio n ; th e  e m p lo y e e  o r  w o rk e r  im p ro v e s  i ts  c u rre n t sk ill set.

T a b le  E .1  D e s ig n  a n d  e n g in e e r in g  w o rk fo rc e  o c c u p a tio n s .

C a te g o ry  1: D e s ig n  a n d  
e n g in e e r in g  w o rk fo rc e  

o c c u p a tio n s

F o r  th e  fo llo w in g  
o c c u p a tio n s , ra te  th e  

e x p e c te d  im p a c t  o n  th e  
u p s k il l in g  in  th e  

te c h n ic a l sk ills  as a 
re s u lt  o f  th e  fo re se e a b le  

in c re a s e  in  o ffs ite  
c o n s tru c tio n  in  2 0 3 0

F o r  th e  fo llo w in g  
o c c u p a tio n s , ra te  th e  

e x p e c te d  im p a c t  o n  th e  
u p s k il l in g  in  th e  m a n a g e ria l  

sk il ls  as a  r e s u lt  o f  th e  
fo re s e e a b le  in c re a s e  in  

o f fs ite  c o n s tru c tio n  in  2 0 3 0

1 2 3 4 5 1 2 3 4 5
P ro je c t  p r in c ip a ls /d ire c to rs O O O O O O O O O O
S tru c tu ra l e n g in e e rs O O O O O O O O O O
C o s t e s tim a tio n  e n g in e e rs O O O O O O O O O O
P la n n in g  e n g in e e rs O O O O O O O O O O
Q u a n tity  su rv e y in g  e n g in e e rs O O O O O O O O O O
G e o te c h n ic a l e n g in e e rs O O O O O O O O O O
E le c tr ic a l e n g in e e rs O O O O O O O O O O
M e c h a n ic a l  e n g in e e rs O O O O O O O O O O
P lu m b in g  e n g in e e rs O O O O O O O O O O
C iv il e n g in e e rs O O O O O O O O O O
H e a lth  a n d  sa fe ty  e n g in e e rs O O O O O O O O O O
Q u a lity  a s su ra n c e  a n d  q u a lity  
co n tro l e n g in e e rs

O O O O O O O O O O

S p e c ia lty  e n g in e e rs  (f ire  
p ro te c tio n , p ro c e ss , 
o p e ra tio n s , in d u s tr ia l, 
h y d ra u lic , e tc .)

O O O O O O O O O O

B IM  a n d  3 D /4 D /n D
in fo rm a tio n  m o d e lin g  an d  
re n d e r in g

O O O O O O O O O O

D e ta il in g  p ro fe s s io n a ls O O O O O O O O O O
S p e c if ic a tio n s  w r ite rs O O O O O O O O O O
L a n d  s u rv e y in g  an d  
la n d s c a p e  p ro fe s s io n a ls

O O O O O O O O O O

A rc h ite c ts O O O O O O O O O O
O th e r, p le a s e  sp e c ify O O O O O O O O O O
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Table E.2 Project and construction management workforce occupations.

C a te g o ry  2 : P ro je c t  an d  
c o n s tru c tio n  m a n a g e m e n t 

w o rk fo rc e  o c c u p a tio n s

F o r  th e  fo llo w in g  
o c c u p a tio n s , ra te  th e  

e x p e c te d  im p a c t  o n  th e  
u p s k il l in g  in  th e  te c h n ic a l 

sk ills  as a  r e s u lt  o f  th e  
fo re s e e a b le  in c re a s e  in  

o f fs ite  c o n s tru c tio n  in  2 0 3 0

F o r  th e  fo llo w in g  
o c c u p a tio n s , ra te  th e  

e x p e c te d  im p a c t  o n  th e  
u p s k il l in g  in  th e  

m a n a g e ria l  sk il ls  as a 
re s u lt  o f  th e  fo re s e e a b le  

in c re a s e  in  o ffs ite  
c o n s tru c tio n  in  2 0 3 0

1 2 3 4 5 1 2 3 4 5
P ro je c t  m a n a g e m e n t 
p ro fe s s io n a ls

O O O O O O O O O O

P ro c u re m e n t p ro fe s s io n a ls O O O O O O O O O O
E x p e d ito rs O O O O O O O O O O
L o g is tic s  p ro fe s s io n a ls O O O O O O O O O O
C o n s tru c tio n  m a n a g e rs O O O O O O O O O O
P la n n in g  a n d  c o n tro l 
p ro fe s s io n a ls

O O O O O O O O O O

S afe ty  p ro fe s s io n a ls O O O O O O O O O O
Q u a lity  a s su ra n c e  an d  
q u a lity  co n tro l 
p ro fe s s io n a ls

O O O O O O O O O O

M a te r ia ls  m a n a g e m e n t 
p ro fe s s io n a ls

O O O O O O O O O O

F ie ld  c o o rd in a tio n  an d  
in te r fa c e  m a n a g e m e n t 
p e rso n n e l

O O O O O O O O O O

S u p e r in te n d e n ts O O O O O O O O O O
F o re m e n O O O O O O O O O O
W a s te  m a n a g e m e n t 
p e rso n n e l

O O O O O O O O O O

S ta rt-u p , te s tin g , an d  
c o m m is s io n in g  p e rso n n e l

O O O O O O O O O O

C o n s tru c ta b ility
p ro fe s s io n a ls

O O O O O O O O O O

S p e c ia liz e d  l if ts  a n d  h e a v y  
h a u l p ro fe s s io n a ls

O O O O O O O O O O

O th e r, p le a s e  sp e c ify O O O O O O O O O O
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Table E.3 Project administration workforce occupations.

C a te g o ry  3: P ro je c t  
a d m in is tra t io n  w o rk fo rc e  

o c c u p a tio n s

F o r  th e  fo llo w in g  
o c c u p a tio n s , ra te  th e  

e x p e c te d  im p a c t  o n  th e  
u p s k il l in g  in  th e  te c h n ic a l 

sk ills  as a  r e s u lt  o f  th e  
fo re s e e a b le  in c re a s e  in  

o f fs ite  c o n s tru c tio n  in  2 0 3 0

F o r  th e  fo llo w in g  
o c c u p a tio n s , ra te  th e  

e x p e c te d  im p a c t  o n  th e  
u p s k il l in g  in  th e  

m a n a g e ria l  sk il ls  as a 
re s u lt  o f  th e  fo re s e e a b le  

in c re a s e  in  o ffs ite
c o n s tru c tio n  in  2 0 3 0

1 2 3 4 5 1 2 3 4 5
P ro je c t  e x e c u tiv e  
p ro fe s s io n a ls

O O O O O O O O O O

L e g a l a n d  c o n tra c t 
p ro fe s s io n a ls

O O O O O O O O O O

E n v iro n m e n ta l , g ree n , an d  
su s ta in a b ili ty  p ro fe s s io n a ls

O O O O O O O O O O

P ro je c t  f in a n c e  
p ro fe s s io n a ls

O O O O O O O O O O

P e rm itt in g  a n d  re g u la tio n  
p ro fe s s io n a ls

O O O O O O O O O O

R is k  m a n a g e m e n t 
p ro fe s s io n a ls

O O O O O O O O O O

S a le s , o p e ra tio n s , 
te c h n o lo g y , a n d  
c o n s tru c tio n  (S O T C ) 
p ro fe s s io n a ls

O O O O O O O O O O

O w n e r ’s re p re s e n ta tiv e O O O O O O O O O O
S u b -c o n tra c to r(s )  
a d m in is tra t io n  p e rso n n e l

O O O O O O O O O O

M a rk e tin g  a n d  b u s in e s s  
d e v e lo p m e n t p ro fe s s io n a ls

O O O O O O O O O O

H u m a n  re s o u rc e s  (H R ) 
p ro fe s s io n a ls

O O O O O O O O O O

P ro je c t  c o n tro ls  
p ro fe s s io n a ls

O O O O O O O O O O

C o m p u te r  a n d  in fo rm a tio n  
te c h n o lo g y  (IT ) 
p ro fe s s io n a ls

O O O O O O O O O O

In su ra n c e  p ro fe s s io n a ls O O O O O O O O O O
A d v a n c e d  w o rk  p a c k a g in g  
(A W P ) p ro fe s s io n a ls

O O O O O O O O O O

D o c u m e n t co n tro l 
p ro fe s s io n a ls

O O O O O O O O O O

O th e r, p le a s e  sp e c ify O O O O O O O O O O
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P a r t  3: T h e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  o ffs ite  a n d  o n s ite  w o rk fo rc e

T h e  tw o  ta b le s  b e lo w  w ill  c a p tu re  th e  e x p e c te d  2 0 3 0  o ffs ite  c o n s tru c tio n 's  im p a c t  o n  th e  

g ro w th /s h r in k a g e  o f  th e  o c c u p a tio n s  (c o lu m n  o n  th e  le f t)  a n d  o n  th e  s k illse t  (c o lu m n  o n  

th e  r ig h t)  f o r  tw o  c a te g o rie s : (1 )  O ffs ite  w o rk fo rc e  o c c u p a tio n s ; an d , (2 )  o n s ite  c ra f t 

w o rk fo rc e  o c c u p a tio n s . P ro v id e  y o u r  a n s w e r  b a s e d  o n  w h e re  th e  in d u s try  w ill  l ik e ly  b e  

p o s it io n e d  in  2 0 3 0  (w h ic h  m ig h t re q u ire  so m e  im a g in a tio n  b y  th in k in g  o u ts id e  th e  b o x )  

r a th e r  th a n  w h a t  w ill b e  th e  s ta te  o f  o f fs ite  c o n s tru c tio n  b a s e d  o n  th e  c u rre n t  p ra c tic e s , 

tre n d s , a n d  a d v a n c e m e n ts . F ig u re  E .1  a n d  E .2  p ro v id e  a  d e sc r ip tio n  o f  th e  u s e d  sca le .

D e s c r ip t io n  o f  th e  sc a le  

±  1 =  N e g lig ib le  (w ill c h a n g e  b y  < 5 % )

±  2  =  M in o r  (w ill c h a n g e  b y  5 -1 0 % )

±  3 =  M o d e ra te  (w ill c h a n g e  b y  1 0 -2 0 % )

±  4  =  S ig n if ic a n t (w ill c h a n g e  b y  2 0 -5 0 % )

±  5 =  E x tre m e  (w ill c h a n g e  b y  > 5 0 % )

S h rin k : th e  d e m a n d  o r  n e e d  fo r  th e  o c c u p a tio n  w ill  d e c re a se . G ro w : th e  d e m a n d  o r  n e e d  

fo r  th e  o c c u p a tio n  w ill  in c re a s e

R e sk ill in g : is  th e  p ro c e s s  o f  le a rn in g  n e w  sk ills  to  d o  a  d if fe re n t  jo b  d u e  to  th e  in c re a s e d  

sh if t  to w a rd  o f fs ite  c o n s tru c tio n ; th e  e m p lo y e e  o r  w o rk e r  m ig h t e a rn  a  c o m p le te ly  n e w  

d e g re e  o r  c e rtif ic a tio n .
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U p sk ill in g : is  th e  p ro c e s s  o f  le a rn in g  n e w  sk ills  w ith in  th e  sa m e  jo b  p ro f ile  d u e  to  th e

in c re a s e d  sh if t  to w a rd s  o f fs i te  c o n s tru c tio n ; th e  e m p lo y e e  o r  w o rk e r  im p ro v e s  i ts  c u rre n t

sk ill se t.

F ig u re  E .2  D e s c r ip t io n  o f  th e  s k illse t  sca le



Table E.4 Offsite workforce occupations.

O ffs ite  w o rk fo rc e  
o c c u p a tio n s

W ill  e a c h  o f  th e  fo llo w in g  o c c u p a tio n s  sh rin k ,
H o w  w ill  o f fs ite  c o n s tru c tio n  a ffe c t th e  sk ills  o f

g ro w , o r stay the sa m e  in  2 0 3 0  a s  a  r e s u lt  or
o f fs ite  c o n s tru c tio n ?

th e  fo llo w in g  o c c u p a tio n s  in  2 0 3 0 ?

-5 -4 -3 - 2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5
A sse m b ly , fa b r ic a tio n , an d  
p ro d u c tio n  p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

E q u ip m e n t  a n d  m a c h in e  
o p e ra tio n s  p e rso n n e l an d  
te c h n ic ia n s

O O O O O O O O O O O O O O O O O O O O O O

M a te r ia l  h a n d lin g  an d  
w a re h o u s e  m a n a g e m e n t 
p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

P la n n e rs , e x p e d ito rs , 
fa c ili ta to rs , s e q u e n c e  
m a n a g e m e n t, a n d  su p p ly  
c h a in  p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

S ta rt-u p , te s tin g , an d  
c o m m is s io n in g  p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

L o g is tic s  an d  tra n s p o r ta tio n  
m a n a g e m e n t p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

E n g in e e r in g  p e rso n n e l 
( in d u s tr ia l, m e c h a n ic a l, 
e le c tr ic a l, m a n u fa c tu r in g , 
sy s te m s , e tc .)

O O O O O O O O O O O O O O O O O O O O O O

Q u a lity  a s su ra n c e , q u a lity  
c o n tro l, a n d  re lia b ili ty  
p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O
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Table E.4 Offsite workforce occupations. (Continued).

M a in te n a n c e , p ro g ra m m in g , 
a n d  tro u b le sh o o tin g  
p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

S a fe ty  p e rso n n e l O O O O O O O O O O O O O O O O O O O O O O
P ro c u re m e n t  a n d  c o n tra c t 
m a n a g e m e n t p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

In s tru m e n ta tio n  a n d  
c o n tro ls  p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

H e a v y  lif tin g , r ig g in g , an d  
s ig n a l p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

T e c h n o lo g y  a n d  
c o n f ig u ra tio n  a n a ly s ts

O O O O O O O O O O O O O O O O O O O O O O

D e ta ile rs O O O O O O O O O O O O O O O O O O O O O O
S p e c if ic a tio n  w r ite rs O O O O O O O O O O O O O O O O O O O O O O
C o m p u te r -a id e d  
m a n u fa c tu r in g  (C A M ) an d  
in fo rm a tio n  m o d e lin g  
p ro fe s s io n a ls

O O O O O O O O O O O O O O O O O O O O O O

T ru c k  d r iv e rs O O O O O O O O O O O O O O O O O O O O O O
O th e r, p le a s e  sp e c ify O O O O O O O O O O O O O O O O O O O O O O
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Table E.5 Onsite workforce occupations.

O n s ite  c ra f t  w o rk fo rc e
W ill  e a c h  o f  th e  fo llo w in g  t ra d e s  sh rin k , g ro w , 

o r  s tay  th e  sa m e  in  2 0 3 0  as a  re s u lt  o f  o f fs ite
H o w  w ill  o f fs ite  c o n s tru c tio n  a ffe c t th e  sk ills  o f

o c c u p a tio n s c o n s tru c tio n ?
th e  fo llo w in g  o c c u p a tio n s  in  2 0 3 0 ?

-5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5
B o ile rm a k e rs O O O O O O O O O O O O O O O O O O O O O O
C a rp e n te rs O O O O O O O O O O O O O O O O O O O O O O
C o n c re te , b r ic k , b lo c k , s to n e , 
a n d  p la s te r in g  p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

D ry w a ll  p e rso n n e l O O O O O O O O O O O O O O O O O O O O O O
E le c tr ic a l p e rso n n e l O O O O O O O O O O O O O O O O O O O O O O
E q u ip m e n t  o p e ra to rs O O O O O O O O O O O O O O O O O O O O O O
F lo o r
L a y e rs /In s ta l le rs /S e tte rs

O O O O O O O O O O O O O O O O O O O O O O

G e n e ra l L a b o re rs /H e lp e rs O O O O O O O O O O O O O O O O O O O O O O
G la z ie rs O O O O O O O O O O O O O O O O O O O O O O
H e a v y  c iv il p e rso n n e l O O O O O O O O O O O O O O O O O O O O O O
O ffs ite  m o d u le s /c o m p o n e n ts  
in s ta lla tio n  a n d  se t-u p  
p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

In s tru m e n ta tio n  a n d  c o n tro l 
p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

In su la tio n  p e rso n n e l O O O O O O O O O O O O O O O O O O O O O O
Iro n w o rk e rs O O O O O O O O O O O O O O O O O O O O O O
L iftin g , c ra n e s , h o is tin g , 
r ig g in g , a n d  s ig n a l p e rso n n e l

O O O O O O O O O O O O O O O O O O O O O O

M e c h a n ic a l  p e rso n n e l O O O O O O O O O O O O O O O O O O O O O O
M illw r ig h ts O O O O O O O O O O O O O O O O O O O O O O
P a in te rs O O O O O O O O O O O O O O O O O O O O O O 367



Table E.5 Onsite workforce occupations. (Continued).

P ip e fi tte rs , p ip e la y e rs , an d  
s te a m fitte rs

O O O O O O O O O O O O O O O O O O O O O O

P lu m b in g  p e rso n n e l O O O O O O O O O O O O O O O O O O O O O O
R o o fe rs  a n d  w a te rp ro o fe rs O O O O O O O O O O O O O O O O O O O O O O
S c a ffo ld  b u ild e rs O O O O O O O O O O O O O O O O O O O O O O
S h e e t m e ta l O O O O O O O O O O O O O O O O O O O O O O
W e ld e rs O O O O O O O O O O O O O O O O O O O O O O
O th e r, p le a s e  sp e c ify O O O O O O O O O O O O O O O O O O O O O O

P a r t  4: T h e  im p a c t  o f  o f fs ite  c o n s tru c tio n  o n  th e  w o rk fo rc e 's  d e m o g ra p h ic s  a n d  a ttr ib u te s

P le a s e  ra te  h o w  y o u  e x p e c t th e  fo llo w in g  w o rk fo rc e 's  d e m o g ra p h ic s  a n d  a ttr ib u te s  w ill  c h a n g e  (d e g re e  o f  in c re a s e  o r  d e c re a se )  d u e  to  

th e  e x p e c te d  in c re a s e  o f  o f fs ite  c o n s tru c tio n  in  2 0 3 0  (a s  c o m p a re d  to  2 0 2 0 ).

D e s c r ip t io n  o f  th e  sc a le  

±  1 =  N e g lig ib le  (w ill c h a n g e  b y  < 5 % )

±  2  =  M in o r  (w ill c h a n g e  b y  5 -1 0 % )

±  3 =  M o d e ra te  (w ill c h a n g e  b y  1 0 -2 0 % )

±  4  =  S ig n if ic a n t (w ill c h a n g e  b y  2 0 -5 0 % )

±  5 =  E x tre m e  (w ill c h a n g e  > 5 0 % )
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Table E.6 Workforce's demographics and attributes.

W o rk fo rce 's  d em o g rap h ics  an d  a ttrib u tes
-5

(d ecrease)
-4 -3 -2 -1 0 1 2 3 4

5
(in crease)

O p p o rtu n itie s  fo r  w o m en O O O O O O O O O O O
O p p o rtu n itie s  fo r  m in o ritie s  (w o m en  n o t in c lu d ed ) an d  d iv erse  e thn ic  
g ro u p s

O O O O O O O O O O O

O p p o rtu n itie s  fo r  in te rn a tio n a l/im m ig ran t w o rk fo rce O O O O O O O O O O O
O p p o rtu n itie s  fo r  w o rk fo rce  w ith  d isab ilities O O O O O O O O O O O
O p p o rtu n itie s  fo r  co n v ertin g  th e  w o rk fo rce  fro m  n o n -co n s tru c tio n  
in d u strie s  to  th e  co n stru c tio n  in d u stry

O O O O O O O O O O O

O p p o rtu n itie s  fo r  v e te ran s O O O O O O O O O O O
O p p o rtu n itie s  fo r  's ilen t g en era tio n ' o r  'trad itio n alists ' (they  w ill be  
m o re  th an  8 5 -y ea r-o ld  in  2030)

O O O O O O O O O O O

O p p o rtu n itie s  fo r  'baby  b o o m ers ' (they  b e  b e tw een  67  an d  85 in  2030) O O O O O O O O O O O
O p p o rtu n itie s  fo r  'g en era tio n  X ' (they  w ill b e  b e tw een  55 an d  66 in  
2030)

O O O O O O O O O O O

O p p o rtu n itie s  fo r  'g en era tio n  Y ' o r  'M illen n ia ls ' (they  w ill b e  b e tw een  
34 an d  54 in  2030)

O O O O O O O O O O O

O p p o rtu n itie s  fo r  'g en era tio n  Z ' (they  w ill b e  b e tw een  22  an d  33 in  
2030)

O O O O O O O O O O O

O p p o rtu n itie s  fo r  'g en era tio n  a lpha ' (they  w ill b e  y o u n g e r  th an  22  in  
2030)

O O O O O O O O O O O

O p p o rtu n itie s  fo r  d ip lo m a  h o ld e rs  (fro m  h ig h  sch o o ls , tra d e  co lleg es , 
an d  p ro fe ss io n a l sch o o ls  o r any  eq u iv a len t d ip lo m a  such  as G E D : 
g en era l ed u ca tio n a l dev e lo p m en t)

O O O O O O O O O O O

O p p o rtu n itie s  fo r  asso c ia te  d eg ree  h o ld ers O O O O O O O O O O O
O p p o rtu n itie s  fo r  b a c h e lo r’s d eg ree  h o ld ers  (recen t g rad u a te  from  
u n d e rg rad u a te  deg rees)

O O O O O O O O O O O

O p p o rtu n itie s  fo r  m aste r 's  d eg ree  h o ld ers O O O O O O O O O O O
O p p o rtu n itie s  fo r  p ro fe ss io n a l d eg ree  h o ld ers O O O O O O O O O O O 369



Table E.6 Workforce's demographics and attributes. (Continued).

O p p o rtu n itie s  fo r  d o c to ra l (o r P h .D ) d eg ree  h o ld ers O O O O O O O O O O O
O p p o rtu n itie s  fo r  u n io n  lab o r O O O O O O O O O O O
O p p o rtu n itie s  fo r  n o n -u n io n  lab o r O O O O O O O O O O O
W o rk fo rce  p ro d u c tiv ity O O O O O O O O O O O
W o rk fo rce  rew o rk  (m an -h o u rs  a ttrib u ted  to  rew ork ) O O O O O O O O O O O
Id le /s tan d -b y  w o rk fo rce  (p a id  m an -h o u rs  n o t sp en t w o rk in g ) O O O O O O O O O O O
L a b o r d isp u tes O O O O O O O O O O O
W o rk p lace  th e ft an d  frau d O O O O O O O O O O O
W o rk fo rce  (o r s ta ffin g ) tu rn o v e r O O O O O O O O O O O
W o rk fo rce  m o b ility , tran sfe r, o r  re lo ca tio n  fro m  o n e  g eo g rap h ica l 
a re a  to  th e  o th e r

O O O O O O O O O O O

W o rk fo rce  o v e rtim e  (m an -h o u rs  a ttrib u ted  to  o v ertim e) O O O O O O O O O O O
Q u ality  o f  th e  w o rk in g  co n d itio n s O O O O O O O O O O O
W o rk fo rce  h ea lth  an d  safe ty O O O O O O O O O O O
W o rk fo rce  ab sen tee ism O O O O O O O O O O O
W o rk fo rce  fa tig u e O O O O O O O O O O O
A g e  o f  re tirem en t O O O O O O O O O O O
C re w  o r te a m  size O O O O O O O O O O O
Job  secu rity O O O O O O O O O O O
W o rk fo rc e ’s q ua lity  o f  w ork O O O O O O O O O O O
W o rk fo rce  co m p en sa tio n  (o v era ll package: p ay  an d  b en efits ) O O O O O O O O O O O
L en g th  o f  w o rk fo rce  ca ree r p a th  p ro g re ss io n /d ev e lo p m en t O O O O O O O O O O O
W o rk fo rce  lea rn in g  ra te O O O O O O O O O O O
T rav e l an d  p e r  d iem  rate O O O O O O O O O O O
W o rk fo rce  sm artn ess , ad ap tab ility , an d  flex ib ility O O O O O O O O O O O
C o st o f  w o rk fo rce  tra in in g  an d  d ev e lo p m en t O O O O O O O O O O O
S h iftin g  w o rk  h o u rs  to  in te rn a tio n a l lo w -co s t lab o r lo ca tio n s O O O O O O O O O O O
O ther, p lea se  specify O O O O O O O O O O O
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V I T A

R a y a n  H a s s a n e  A ss a a d  w a s  b o rn  in  B ra z il . H e  e a rn e d  a  m a s te r ’s d e g re e  in  

E n g in e e r in g  M a n a g e m e n t (G P A  4 .0 )  in  2 0 1 8 , a  b a c h e lo r ’s d e g re e  in  C iv il E n g in e e r in g  

(G P A  4 .0 )  in  2 0 1 6 , a n d  a  M in o r  in  M a th e m a tic s  in  2 0 1 6  f ro m  th e  A B E T -a c c re d ite d  

A m e ric a n  U n iv e rs i ty  o f  B e iru t, L e b a n o n . D u r in g  h is  u n d e rg ra d u a te  s tu d ie s , h e  d id  h is  

in te rn sh ip  as a  R e s e a rc h  A s s is ta n t  a t th e  g e o te c h n ic a l re s e a rc h  lab  w ith in  th e  C iv il  an d  

E n v iro n m e n ta l  E n g in e e r in g  d e p a r tm e n t a t th e  U n iv e rs i ty  o f  I ll in o is  U rb a n a -C h a m p a ig n , 

U S A . P a ra lle l  to  h is  m a s te rs , h e  w o rk e d  as a  P ro je c t  M a n a g e r  fo r  L y s  R o y a l G e n e ra l 

E n te rp r is e s — o n e  o f  th e  to p  m e d iu m -s iz e  c o n tra c to rs  in  th e  P e a rl  C ity , Q a ta r— fo r  a ro u n d  

tw o  y e a rs . A f te r  c o m p le tin g  h is  w o rk  w ith  L y s  R o y a l G e n e ra l E n te rp r is e s , h e  e n ro lle d  in  a 

P h D  p ro g ra m  a t M is s o u r i  U n iv e rs i ty  o f  S c ien c e  a n d  T e c h n o lo g y , U S A  w h e re  h e  re c e iv e d  

h is  P h D  in  C iv il E n g in e e r in g  w ith  a  c o n c e n tra t io n  in  C o n s tru c tio n  E n g in e e r in g  an d  

M a n a g e m e n t in  Ju ly  2 0 2 1 . H e  a lso  w o rk e d  as a  te a c h in g  a n d  re s e a rc h  a s s is ta n t  a t th e  

A m e ric a n  U n iv e rs i ty  o f  B e iru t  a n d  a t M is s o u r i  U n iv e rs i ty  o f  S c ie n c e  a n d  T e c h n o lo g y .

D u r in g  h is  P h D  p ro g ra m , h e  w a s  a  r e c ip ie n t  o f  th e  e s te e m e d  C o lle g e  o f  E n g in e e r in g  

a n d  C o m p u tin g  D e a n 's  P h D  S c h o la r  A w a rd  a t M is s o u r i  U n iv e rs i ty  o f  S c ie n c e  an d  

T e c h n o lo g y . In  2 0 1 9 , h e  w a s  se le c te d  as an  o u ts ta n d in g  re v ie w e r  b y  th e  A S C E ’s Jo u rn a l 

o f  M a n a g e m e n t in  E n g in e e r in g . In  a d d itio n , h e  p ro v id e d  se rv ic e s , v o lu n te e r in g , an d  

e x tra c u r r ic u la r  a c tiv it ie s  d u r in g  h is  a c a d e m ic  jo u rn e y  b y  b e in g  a c tiv e ly  in v o lv e d  in  

d if fe re n t  o rg a n iz a tio n s , c o u n c ils , c o m m itte e s , a n d  s tu d e n t c lu b s . B y  th e  d a te  o f  h is  d e fe n se , 

h e  h a d  25  p u b lic a tio n s : 17 p e e r- re v ie w e d  jo u rn a l  p a p e rs  a n d  8 p e e r- re v ie w e d  c o n fe re n c e

p ap e rs .
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