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CHAPTER 1:  

INTRODUCTION 

1.1 Construction Industry contribution to US economy 

Construction is one of the key industries supporting the growth and development of the US 

economy with a contribution amounting to 4.3% of Gross Domestic Product in 2015 (US Bureau 

of economic analysis). This contribution to the national GDP by the construction industry has been 

consistently rising for the past 5 years from 2011 till the first two quarters of 2015 as shown in the 

Figure 1.1, which shows the potential of the industry as it recovers from the 2008 recession and 

continues to grow. 

 

 

Figure 1.1: Construction industry contribution to GDP (Source: U.S. Bureau of Economic Analysis) 

 

 In addition to its contribution to the U.S. GDP, the construction industry employs 6.8 

million employees as of January 2016 meaning that 4.7% of the total US workforce works in 

construction according to the US bureau of Labor statistics. Figure 1.2 shows the continuous 

growth of the Construction employment potential after the recession in 2008 which can be a key 

contribution to the economy. 
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Figure 1.2: Employment in thousands contributed by construction sector (Source: Bureau of Labor Statistics) 
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1.2 Safety Statistics in the Construction Industry 

Safety performance in construction has always been a concern for many researchers and 

organizations. Since its establishment in 1971, Occupational Safety and Health Administration’s  

 (OSHA’s) regulations and guidelines significantly reduced fatalities and lost time injuries. This 

followed the issuance of Occupational Safety and Health act in 1970 which regulated workplace 

safety and health for the US organizations. Construction industry has experienced a significant 

reduction in occupational lost-time injuries which were 209.6 thousand in 1992 and were reduced 

to 75 thousand in 2010 as shown in Figure 1.3 (Center for Construction Research and Training 

2013). This decline is even regarded as more significant as it is accompanied with an increase in 

the total workforce working in construction. Moreover, fatalities in construction industry have 

been reduced from 963 in 1992 to 802 in 2010 which is a subtler decline where fatalities increased 

to a peak of 1297 in 2006 before declining as shown in Figure 1.4 (Center for Construction 

Research and Training 2013).  

Despite this improvement in safety performance, construction industry is still one of the 

most dangerous industries, where 17.1% of 4690 Workplace fatalities in the United States were 

related to Construction in 2010 as shown in Figure 1.5 (Center for Construction Research, and 

Training 2013). Moreover, the national fatal injury rate of the United States is 9.7 per 100,000 

workers which is high compared to many other developed countries as seen in Figure 1.6. 

These statistics point at that more effort should be put into accident prevention since the 

accident reduction achieved so far is not sufficient. The first step to prevent fatal accidents is 

enhancing the current understanding of their root causes and the relationships between these 

causes. Two levels of causation are considered in this research which are direct causes and root 

causes. Direct causes can be defined as the most obvious immediate causes for the accident which 

are usually found in accident investigations as recorded by OSHA compliance officers like “fall” 

or “caught in between”. For root causes, on the other hand, this research adopts OSHA’s definition 

which is “fundamental, underlying, system-related reasons why an incident occurred that identify 

one or more correctable system failures.”  This means that “defective equipment” can be the root 

cause of an accident where “struck by” is the direct cause. This essentially means that accidents 

occur due to direct causes which may result from a single root cause or multiple root causes. A 

key point of deviation of this study is also accounting for the interrelationships between causes 

which govern how they are combined together to lead to accidents. Merits of analyzing these  
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Figure 1.3: Number of lost time injuries in the United States (Source: Center for Construction Research, and 

Training 2013) 

 

 

 

Figure 1.4: Number of fatal injuries in construction (Source: Center for Construction Research, and Training 

2013) 
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Figure 1.5: Fatalities in the United States by industry (Source: Center for Construction Research, and 

Training 2013) 

 

 

 
Figure 1.6: Construction fatality rate in the United States compared to other developed countries (Source: 

Center for Construction Research, and Training 2013) 
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relationships include helping to understand the strongest root cause combinations which lead to 

most fatalities giving an early warning the presence of such combinations on site can lead to fatal 

accidents. Merits also include identifying how serious an accident root cause can be through its 

ability to cause a variety of accidents in combination with different root causes rather than 

evaluating it by itself. Moreover, this approach of thinking of causes as combinations helps devise 

countermeasures for combinations of causes leading to improving safety management practices’ 

efficiency and effectiveness. Finally, knowing the relationships between causes can help reveal if 

there is an overlap in the impact of some of the safety management practices. 

1.3 Accident Causation Models 

A wide variety of modeling theories was proposed to explain how accidents occur. Current 

literature has models with different areas of focus considering the accident causation. Various 

model focus on human factors such as human capacity and cognitive abilities. Others focus on 

organizational factors such as different influences and barriers to accident occurrence which stem 

from the organization. There are also sociotechnical modelling approaches that concentrate on 

social and technical aspects of the workers and the job being done. Finally, there are hybrid models 

which combine aspects from the previous models. 

 In addition to their area of focus, accident causation models have different perceptions of 

how causes of an accident interact which can be broadly classified into two groups. The first is 

perceiving the accident causation as a sequence of events one after the other leading all the way to 

the accident. The second is perception of multiple causes interacting together to cause the accident. 

Additionally, a large number of models proposed diagramming techniques as tools for visualizing 

and analyzing different levels of accident causation as well as the tie between them. 

1.4 Knowledge Gap 

Existing accident causation models stem from strong theoretical background and provide different 

approaches to accident causation. However, the models have not been developed for many years 

and in their current form they need updating to cope with current safety management policies and 

practices. Current policies and practices necessitate that objective quantitative metrics are provided 

to be able to assist decision making and provide priorities for safety spending. Moreover, recent 

research into their practical application is very limited. Finally, despite that these models help 
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conceptualize and analyze accident root causation, they did not provide quantitative means to 

objectively analyze the causes and the relationships between them to understand the underlying 

accident dynamics. 

 Recent research in the field of construction safety has been concerned mostly with safety 

management policies and best practices intended to improve safety performance of construction 

firms. This research has contributed significantly to the body of knowledge pertaining to 

construction safety. However, this research preoccupied most researchers from research into 

accident causation, particularly fatal accidents which still present a major challenge to the US 

construction industry. 

1.5 Research Goal and Objectives 

1.5.1 Research Goal 

The goal of this study is to investigate the relationships amongst root causes of fatalities as well as 

their correspondence to direct causes quoted by OSHA investigators using social network analysis 

(SNA). SNA is a set of tools and techniques based on graph theory. There are three main merits to 

the application of these techniques to fatal construction accidents. First, it enables the analysis of 

root causes based on their inter-relationships which cannot be otherwise attained efficiently using 

other techniques. Second, unlike theoretical models, it is able to determine interrelations between 

root causes objectively using real data from the industry. The hypothesis on which this approach 

is based is that the relationship between causes is stronger if they occur together in the same 

accident more frequently. The third merit is flexibility of SNA. SNA can facilitate the isolation of 

root causes based on their relation to a particular accident type, a certain policy or other groupings. 

This allows the analysis to be more in-depth. A demonstration of this flexibility is applied in this 

research where network is broken down based on direct causes for in depth analysis. This 

technique, however, is similarly applicable for any criterion by which accidents can be categorized. 

1.5.2 Research Objectives 

To be able to reach the aforementioned goal, the following set of research objectives should be 

achieved: 

• Contemplate frequently quoted root causes and direct causes in construction industry fatalities.  

• Establish most significant root causes giving rise to fatalities in construction. 

• Investigate fatal accident root causes’ correspondence to their frequently quoted direct causes. 
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• Study fundamental organizational, human-related and technological factors leading to 

construction fatalities. 

Accident causes investigation emphasizes the importance of the mechanics of accident occurrence 

referenced to the fundamental organizational, human-related, technical and physical factors 

contributing to the accident. The regular approach towards tackling this is breaking down accidents 

in the efforts to reach to their root causes in a top-down method. The approach proposed by this 

paper, however, aggregates all root causes which give rise to accidents together in the same 

network. This approach adopts a bottom up method focusing on how causes are combined together 

to lead to accidents rather than how to break down a single accident to its causes. The proposed 

analytical approach is intended to complement the current accident causation models rather than 

to replace them since a prerequisite to its implementation is to correctly identify root causes. This 

identification requires a deep understanding of current models. The proposed approach, however, 

enriches this understanding by adding a different dimension to it which is relationships and 

interactions between root causes. 
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CHAPTER 2:  

LITERATURE REVIEW 

Safety performance has been a key consideration for many businesses in the construction industry 

nowadays. A poor safety performance leads to accidents which incur large costs on the project. A 

study by Everett and Jr (1996) found that using only the well documented costs, the cost of a 

project grows between 7.9 and 15% due to accidents. They added that additional costs not included 

in their study include OSHA fines, inability to attract new high-quality workers or acquire new 

project due to damaged reputation and reduced morale of the employees in general. Another study 

by Ikpe et al. (2012) performs an elaborate cost benefit analysis taking both all the direct and 

indirect cost of accidents into account to assess the economic benefit from effective accident 

prevention. Their study concludes that the benefits are greater than the costs by a factor of 3 where 

for every $1 spent $3 are gained as benefit. This study extends for all small medium and large 

contractors where the smaller the contractor is, the greater is the accident prevention cost as a 

percentage of his turnover and the greater the benefit is. 

In the light of these studies, a single fatality can be extremely detrimental to any 

organization in terms of financial costs, work stoppage, employee demotivation and loss of 

reputation. For this purpose, prevention of these accidents comes as a first priority. The first step 

to this prevention is modelling and contemplating fatal accidents to fully understand their causation 

mechanisms and be able to prevent them accordingly. 

2.1 Accident Causation Models 

At the analytical level, research has always addressed accidents investigating the causation and the 

process that eventually lead to accidents. To start with, Heinrich’s (1969) domino theory modelled 

the occurrence of accidents as a series of causations in a single dimension which interact like 

dominoes where if one falls the next one falls. The 5-dominoes modelled are: (1) Ancestral, 

environmental and social background; (2) worker’s mistake; (3) physical or mechanical hazard or 

unsafe action; (4) accident occurrence; and (5) worker injury or property damage (Heinrich 1969). 

Heinrich’s study argues that if any of these dominoes are removed, the damage or injury can be 

prevented. 

 The one-dimensional sequence of events leading to accidents was also tackled in 

Occupational Accident Research Unit (OARU). OARU is a model which was established by 
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Kjellén and Larsson (1981). This was a two-step model based on determining the accident 

sequence and the determining factors leading to the accident. Unlike Domino theory, accident 

sequence was composed of only 3 phases: (1) Initial phase: where there’s an abrupt change 

(deviation) from regular work processes; (2) concluding phase: where energy flow is 

uncontrollable as system control is lost; and (3) injury phase: where this energy leads to harm or 

injury to the human body. The second step involves identifying the determining factors leading to 

this accident in 3 main areas which are organizational, social and technical. 

 Petersen (1971) presented accident multiple causation theory. An accident occurrence is 

framed as a combination of multiple factors. These multiple factors are subdivided into behavioral 

and environmental factors. Behavioral factors are those factors based on human behavior such as 

misconduct of employees, employees not having the necessary skills or knowledge or employees 

being in a physical or mental state that doesn’t enable them to perform well at work. Environmental 

factors, on the other hand, refer to poor physical conditions on the job such as equipment 

malfunction, unprepared work site and on site physical hazards. His theory claims that by 

analyzing these factors, root accident causes could be effectively identified. 

 Another perspective was referring to accidents as defects or flaws in organizational 

barriers. This was first introduced by Reason (1990; 1997) in his swiss cheese model where he 

classified accident causation into 4 major subgroups which are: (1) organizational impacts; (2) 

supervision; (3) unsafe act preconditions; and (4) unsafe acts. He makes an analogy for the layers 

of organizational protection from these causations as slices of swiss cheese and any shortcoming 

in this protection system as a hole in the swiss cheese through which hazards can pass. He made a 

distinction between immediate accident causes and latent causes which might lie within the 

organization. His claims are that if these holes align with one another, an accident is more likely 

to take place. 

 The idea of barriers protecting from accident occurrence was used to devise an accident 

cause investigation model known as Integrated Safety Investigation Methodology (ISIM) (Ayeko, 

2002). This model investigates all information pertaining to individuals, work tasks, equipment 

and environment to be able to determine unsafe conditions and causal factors in the sequence of 

events leading to an accident. Once these factors and conditions are determined, the risk associated 

with each of them is quantified and the barriers defending against them are examined. These 

barriers might be physical, organizational or regulatory defenses and ISIM aims at identifying 
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barriers which aren’t strong enough and strengthening them. This approach tries to capture the 

latent conditions inside the organization that might have led to this accident. ISIM integrates 

elements of safety deficiency analysis and accident investigation to provide strategic 

recommendations to improve safety. 

 Jacinto and Aspinwall (2003) developed Work Accidents Investigation Technique. This 

technique is used in accident cause investigation and includes a questionnaire and specific 

guideline for collecting relevant information. It involves two phases for analyzing any occurrence. 

The first phase analyses the sequence of events leading to the accident and the consequences of 

the accident in search of what is known as active failures. Moreover, it investigates the workplace 

and working environment in search of influencing factors contributing to those active failures. The 

second phase is more in-depth analysis of human and job-related factors leading to identification 

of any management or organizational flaws.  

Using the same barriers concept, Control Change Cause Analysis (3CA) was developed by 

Kingston (2007) to address the safety management system. It breaks down accident causation into 

unwanted changes which occur among a sequence of events. It defines in this sequence events 

which is named as “significant” events in terms of control reduction and giving more room for 

unwanted changes to occur. Based on these significant events, barriers can be identified to control 

these significant effects or mitigate or limit their effects. Based on the barrier identification, 

limitations and weaknesses of each barrier can be identified. These weaknesses are traced back to 

safety management system and processes that allowed the barrier to not be able to prevent 

particular accident occurrences. It breaks down accident causation into unwanted changes which 

occur among a sequence of events. It defines in this sequence events which is named as 

“significant” events in terms of control reduction and giving more room for unwanted changes to 

occur. Based on these significant events, barriers can be identified to control these significant 

effects or mitigate or limit their effects. Based on the barrier identification, limitations and 

weaknesses of each barrier can be identified. The weaknesses are then traced back to safety 

management system and processes that allowed the barrier to not be able to prevent particular 

accident occurrences. 

 Hale and Glendon (1987) took the approach of modelling the human factors contributing 

to accidents based on attribution theory. This approach is concerned with determining event 

causations through understanding the process of people’s information processing. The method 
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suggests that hazards are always available in any workplace and human cognition is necessary to 

avoid and control these hazards. It considers the different factors linking between human behavior 

and hazards whether human action create potential hazards dangerous to others or control these 

hazards reducing the magnitude of their effect.  

 Another classification made by Rasmussen (1987), which focuses on the human factor, 

particularly classifies accidents according to the level of human familiarity and control of the work 

environment. This approach is known as the SRK model and classifies causes according to human 

behavior to skill-based where the worker lacks the necessary skill to competently complete the 

job, rule-based where the worker violates the rule or follows a wrong rule and knowledge based 

where the worker lacks the necessary knowledge to address the work situation safely. 

 One of the accident causation models mainly based on human error is Ferrell Theory that 

attributes an accident to that work load is too much for human capacity (Abdelhamid and Everett 

2000). This lack of compatibility could be due to a multitude of factors including carrying out an 

activity which is inappropriate due to not knowing how to do it or not being able to judge the risk 

associated with it or lacking the capacity to do it due to being overloaded. 

 Shappell and Wiegmann (1997; 2000) devised an approach which both has elements from 

the Swiss Cheese model and from Rasmussen’s work known as the HFACS method. It is based on 

the swiss cheese model as it sub-classifies each of the 4 major subgroups mentioned to reach 17 

more detailed accident causation categories. Their method has some similarity in the way it 

classifies human actions that lead to accidents to Rasmussen’s work since it categorizes group 4 

of swiss cheese model which is unsafe acts into two major subgroups which are errors and 

violations. Each subgroup was further broken down where errors were classified to those based on 

skills, decisions and perceptions. Violation, on the other hand, were divided to routine violations 

which happen regularly and exceptional violations which take place exceptionally at the time of 

the incident. Their study suggests that these 17 subgroups form a comprehensive framework for 

accident causation analysis. 

 A revolutionary approach was adopted by Rasmussen (1997) which is a sociotechnical 

approach. His model is based on various actors who impact the safety processes including 

legislators, work planners, managers and system operators and is divided by organizational levels. 

These different levels are then studied between different disciplines to define boundaries for the 
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safe operation. Once these boundaries are defined, all actors shall be informed with them and given 

the chance to adapt to these defined boundaries.  

 Hollnagel (1998) developed a method which also utilized a socio-technical approach called 

Cognitive Reliability and Error Assessment Method (CREAM). The model correlates between 

control degree in socio-technical systems and reliability of performance, the less the control, the 

less the reliability. It can be used prospectively or retrospectively to identify failure modes in 

performance which are classified into strategic, tactical, opportunistic and scrambled. Links for 

actions preceding and succeeding this failure can be identified. When this method is used 

retrospectively, it differentiates between the observed actions named phenotypes and those which 

can only be obtained by inference named genotypes. Genotypes are subdivided into human related, 

technology related, and organization related. 

 Norwegian State Railways established a sociotechnical method called Norske Statesbaner 

(NSB) (Skriver et al. 2003). NSB emphasizes the interactions between three main factors 

contributing to accidents which are human factors, organizational factors and technical factors. 

The approach combines two tasks to be able to investigate accidents. The first task identifies the 

events contributing to the accident and their sequence as well as barriers which could have 

interrupted this sequence and why they were not there or broken. The second task is concerned 

with individuals and work tasks related with the accident and so it utilizes a questionnaire as a tool 

to address these and identify deficiencies. 

2.1.1 Use of Diagramming Techniques in Accident Causation Models: 

Various diagramming methods have lent themselves as a reliable tool in accident causation 

modelling. Their power lies in the ability to visualize the causation links and the process flow 

associated with accident causation which pushes the brainstorming, deductive power and 

reasoning further. This allows those investigating accidents or researching to dwell deeper to find 

latent causes beyond the observable causes and harness this knowledge to continually improve 

safety management processes and practices. Moreover, diagramming makes the models easier to 

understand and communicate to others which is a key element which governs the applicability of 

a model to real life situations since communication is one of the key elements of effective safety 

management. Most of the models discussed earlier would be highly enhanced by diagramming. 

For example, using diagrams for dominoes or swiss cheese slices or hierarchies for classifications 

made under many of the prementioned models could help better identify accident causation. 
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 One of the techniques heavily based on charting is Multilinear Events Sequencing (MES) 

developed by Benner (1975). MES orders events on a time line chronologically. Its view of 

accident causation starts by a stable situation being disturbed which is then followed by a sequence 

of events which in turn leads to an accident. MES models actors such as individuals, equipment or 

materials, actions carried out by actors and events which involve actors performing actions which 

have an effect on safety. This model is mapped on a logic chart showing actors, actions and events 

in the sequence leading to the accident. 

 Another approach dependent on diagramming was focused mainly on organizational 

failures as the main problem leading to accident causation and is known as (TRIPOD) (Wagenaar 

et al. 1994). According to the model, an accident occurs due to failure of one or more 

organizational barriers. These failures are directly caused by unsafe acts; however, their 

occurrence is deeply rooted within mechanisms that happen within the organization known as 

General Failure Types including human-related, technical and organizational failures. Tripod has 

11 General Failure Types and it aims to provide a bar chart that details their presence in each 

organization to compare different organizations and improve safety performance. 

 A diagram-dependent approach known as the Workgroup Occupational Risk Model 

(WORM) was devised by Ale (2006) and used by Aneziris et al. (2008) to make a quantitative 

assessment for fall from height risks. The WORM method uses a diagramming technique based 

on interconnected functional blocks. WORM employs a top down approach breaking down a main 

event into smaller and smaller simpler event until the probabilities for the simpler events can be 

identified to assess the risk of the main event. 

 Another technique based on block diagram charts is called Systematic Cause Analysis 

Technique (SCAT). SCAT was established by The International Loss Control Institute (ILCI) at 

the end of the 1980s (Katsakiori et al. 2009). SCAT has roots in Heinrich’s domino theory (1969) 

and is presented as a block diagram with 5 blocks which are: (1) accident description; (2) common 

contacted categories which could have resulted into the accident, (3) immediate cause for contact 

with this category; (4) underlying causes for accident; and (5) preventive safety management 

practices. This technique is based on checklists covering human factors, job factors and different 

elements of the safety management. This model takes a hybrid approach towards accident 

prevention where it is either by removing one of the 3 intermediate blocks or by utilizing barriers 

to prevent the uncontrolled energy flow leading to the accident. 
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2.1.2 Tree-logic based Accident Causation Models: 

One of the main diagramming approaches towards modelling accident causation is tree diagrams 

which link causes together with logical connections. Causal Tree Method (CTM) was developed 

by Leplat (1978) and attributes an accident to processes which deviate from the usual work 

processes. It classifies these variations from regular work processes into several subcategories: (1) 

variations related to individuals; (2) deviations in tasks performed; (3) variations related to 

equipment used; and (4) changes in the surrounding environment. This method also utilizes a top 

down approach where it starts by the unwanted incident and investigates backwards to reach to 

facts contributing to that incident to be able to construct the tree showing the aforementioned 

variations and their logical relationship with the occurrence. 

Management Oversight and Risk Tree (MORT) is another accident causation model with 

tree logic. It was established by Johnson (1980) for use by the US Atomic Energy Commission. 

MORT defines accident as an undesired flow of energy due to insufficient barrier and controls to 

regulate energy. The aim of MORT is to find out facts to recognize hazardous energy forms on 

site as well as deviations from the regular process that could lead to accidents. The MORT is a tree 

which is composed of three major branches, namely the S factors, the R factors and the M factors. 

The S factors have to do with omitted overseen factors contributing to accident causation. The R 

factors have to do with risks which are already identified and known but to which no controls or 

barriers have been constructed. The M factors are those which are associated with features of 

management system and its particular characteristics which played a part in the accident causation. 

Under these three branches are elements linked to questions which should be asked by who is 

analyzing the accident to assess safety. This model pushes who investigates the accident to look 

beyond direct causes into causations which are deeply rooted in the organization itself or in the 

management system. It also provides a checklist and problems to look for to guide the investigator 

rather than just the analytical tools. 

Fault tree analysis was developed by Bell Laboratories in early 1960s and further refined 

by Boeing Company (Ferry, 1988). The fault tree diagrams any particular accident and all possible 

factors contributing to it mapping the causation links and logical connections which lead to the 

accident. The fault tree utilizes a top down approach to models the accident occurrence using the 

events and conditions occurring before the event like including technical, human-related and 
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organizational conditions and uses two type of logic gate which are the AND and OR gates to form 

the logical links. This results in establishing a sequence of logical relation combinations which  

eventually lead to the accident. 

 

The emergence of diagramming and tree methods to analyze the causation of accidents 

indicates that the logical relationships and links between different levels of accident causes have 

always been perceived by researchers as complex and requiring closer investigation. This suggests 

that using networks to be able to analyze and study accident causation can unravel potential 

relationships and logical patterns that can help understand accident causation more. The use of 

networks can also provide powerful insights and different approaches towards how different 

causes interact together leading to accidents. Table 2.1 shows a summary of the classifications of 

accident causation models mentioned in this literature review.  

 

Table 2.1: Accident Causation Models 

Focus of the Model 

Organizational Human-Based Sociotechnical Hybrid (specify) 

C
au

sa
ti

o
n

 L
in

k
 T

y
p

e 

Sequence 

of Events 

- Swiss cheese model by 
Reason (1990; 1997). 

- WAIT by Jacinto and 

Aspinwall (2003) phase 
1. 

- 3CA by Kingston 

(2007). 

- Hale and Glendon 

(1987). 
 

- MES* by Benner 

(1975). 

- CREAM by 
Hollnagel (1998). 

 

- Domino Theory by Heinrich (1969) 

(sociotechnical and human-based). 

- CTM* by Leplat (1978) (human-based 
and physical factors). 

- OARU by Kjellén and Larsson (1981) 

(organizational and sociotechnical). 

- WORM* by Ale (2006) 

(organizational and human-based). 

Multiple 

Causes 

- MORT* by Johnson 
(1980). 

- TRIPOD* (Wagenaar 

et al. 1994). 

- ISIM (Ayeko 2002). 

- WAIT by Jacinto and 

Aspinwall (2003) phase 
2. 

 

-  SRK by 

Rasmussen (1987). 

- Ferrell Theory 
(Abdelhamid and 

Everett 2000). 

- HFACS by 
Shappell and 

Wiegmann (1997; 

2000) 

- Rasmussen 

(1997). 

- Petersen (1971) (physical, 
organizational and human-based). 

- NSB by Skriver et al. (2003) (human-

based, organizational and technical 
factors). 

- Fault tree* (Ferry 1988) (human-

based, organizational and technical 
factors). 

- SCAT* (Katsakiori et al. 2009) 

(organizational and human based). 

 

* indicates that the model utilizes a diagramming technique. 
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In literature, the classification for accident causation models has no standardized 

convention. For example, models were classified by Kjellén (2000) as processes, sequences of 

causation, movement of energy, causation trees of logic, in addition to health, safety and 

environment (HSE) management models. A different classification was suggested by Hollenagel 

(2002) who categorized models into epidemiological, sequential and systematic models.  

2.2 Construction Safety Best Practices 

Apart from the theoretical analytical accident causation models that help investigate accidents and 

understand their causation more thoroughly, other research was directed mainly towards the 

practical application of practices to enhance safety performance. These are referred to as safety 

best practices and their application has resulted into significant improvement in safety performance 

in the construction industry. 

 There has been a growing trend of investigation of best practices to drive accident rates 

down to zero. In the early 90s, Construction Industry Institute (CII) obtained data by surveying 

members of 25 projects with superior safety performance about techniques they use to enhance 

safety performance (Construction Industry Institute 1993). The study concluded with identification 

of five techniques namely: (1) pre-task planning; (2) training and orientation; (3) written program 

for safety related incentives; (4) program for abuse of substances as alcohol or drugs; and (5) 

investigation of accidents/ incidents. A study by National Center for Construction Education and 

Research (NCCEER) was conducted to validate the findings of the CII 1993 study. The study 

concluded that the findings were valid, but that the industry-related notions of safety program 

implementation were changed by the late 90s (Hinze et al. 2013a). 

 Due to this change recognized by NCEER, CII performed another study comparing high 

performing construction projects by interviewing their personnel (Construction Industry Institute 

2003). This study identified nine topic areas which are crucial for improvement of safety 

performance which are: management demonstrated commitment to safety, safety staffing, pre-task 

and pre-project planning, orientation and training pertaining to safety education, involvement of 

workforce, safety evaluation and rewarding program, management of subcontracts, investigation 

of accidents and incidents/near misses and testing of abuse of drugs or alcohol. 

 Hinze et al. (2013) performed statistical analysis quantifying the effect of 96 different 

safety practices implemented by world class organizations on Occupational Safety and Health 
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Administration (OSHA) Recordable Injury Rates (RIR). The study found a significant negative 

correlation between the percentage of these 96 practices implemented and the OSHA RIR. The 

study identified 10 practices with the highest correlation with improver RIR namely: manager site 

specific safety orientation, involvement of supervisors in safety policy, availability of medical 

facilities on site, programs of worker to worker observation, adequate safety staffing relative to 

workforce size, (recording first aid injuries, approval of owner of safety plan, perception surveys 

involving workers in safety management, 100% enforcement of steel toed boots and all contractors 

taking part in safety meeting.   

One issue of controversy when coming up with best practices was the idea of rewards, 

incentives or positive reinforcement. CII’s first research (1993) suggested a written program for 

safety related incentives. NCCEER research mentioned by Hinze et al. (2013) suggested rewards 

not being given on the basis of whether workers are injured but rather on whether they carry out 

work using the safest methods. CII (2003) recommended smaller frequent rewarding rather than 

larger less frequent rewards. Hinze et al. (2013) found a significant positive correlation between 

giving incentives for not being injured and OSHA’s RIR in 27 projects meaning that safety 

incentives if not properly applied can be detrimental to safety performance. 

2.2.1 Safety Leading Indicators 

Safety leading indicators were a recent practical tool evolving from best practices that showed 

significant potential in accident reduction. Leading indicators can be defined as a group of 

measures selected to enable assessment of the safety process and safety management activities 

(Cipolla et al. 2009; Hinze et al. 2013b). Other researchers utilized other properties of leading 

indicators to define them including measurability, describing safety conditions, identifying gaps 

and failures in risk control system, predicting undesirable events and monitoring accident risk 

development (Øien 2001; HSE 2006; Grabowski et al. 2007; Kjellén 2009). 

Leading indicators have been proposed for safety performance assessment as opposed to 

lagging indicators which were the most commonly used indicators of safety performance. The 

main disadvantage of lagging indicators is occurrence after the fact and relating to past 

performance and outcomes and being triggered mainly by accident occurrence after damage has 

already occurred (Construction industry institute 2012). Accordingly, safety professionals and 

researchers came to question that the input and insights given by lagging indicators are sufficient 

to be able to predict and avoid future accident occurrence (Grabowski et al. 2007; Mengolinim and 
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Debarberis 2008). A key distinction between lagging and leading indicator is that lagging 

indicators generate reactive responses that aim at trying to prevent further injuries (Hinze et al. 

2013). Leading indicators, on the other hand, generate a proactive response intending to make 

amendments to the safety process to prevent accident occurrence. Examples of lagging indicators 

are OSHA’s total recordable injury rate (TRIR), days away, restricted or transferred (DART) and 

experience modification rates (EMRs) (Construction Industry Institute 2012). 

 Leading indicators have been classified into active and passive indicators. Passive 

indicators refer to macro scale long term strategies whose implementation leads to a safer project. 

Therefore, their presence or absence can help predict how well the project performs and in many 

cases, they can’t be changed during construction (Hinze et al. 2012; Construction Industry Institute 

2013). Active indicators, on the other hand, are more dynamic where they can be used to measure 

and monitor safety performance day-to day during construction to be able to take corrective actions 

to improve performance whenever needed (Hinze et al. 2012; Construction Industry Institute 

2013). Leading indicators were also classified into Safety Management System (SMS) Indicators 

and Abstract Safety Constructs (Guo and Yiu 2016). SMS Indicators relate directly to providing 

information to improve SMS policies and practices. Indicators of Abstract Safety Constructs, on 

the other hand, are tied to safety constructs, which are explanatory concepts aimed at better 

understanding the safety processes to better predict their outcomes. 

 Several strategies have been suggested for implementing leading indicators. The first step 

in any implementation is indicator selection which was identified by researchers as the most 

important step (Construction Industry Institute 2012; Guo and Yiu 2016; Rajendran 2012; Hinze 

et al. 2013). Key considerations identified by researchers when selecting leading indicators include 

current process weaknesses in safety program, organizational defects, safety culture, adaptability 

of current processes into indicators, the number of indicators an organization is willing to monitor, 

the priorities for monitoring indicators, return on investment for monitoring that particular 

indicator and their contribution to improvement in safety efforts (Wreathall 2009; Construction 

Industry Institute 2012; Hallowell et al. 2013; Guo and Yiu 2016). The implementation strategy 

discussed by Construction Industry Institute (2012) is an iterative process consisting of nine steps 

which are: indicator selection, specifying metrics related to this indicator, devising a process for 

indicator measurement, involving all parties responsible, implementing the indicator, analysis of 
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information obtained, making performance public sharing it with involved parties, assessing how 

effective the indicator is and celebrating successful implementation. 

 The effectiveness of leading indicators was examined by a variety of studies. Hallowel et 

al. (2013) used a judgement panel of 23 safety experts to effectively evaluate 13 leading indicators 

with actionable metrics, measurements, required resource and response plans as useful for 

implementation by contractors. Guo and Yiu (2016) used a panel of 5 experts scoring to assess the 

effectiveness of 32 leading indicators and included that all  indicators were predictable and 

analytically sound, 20 of them were practicable and 22 were cost effective. Construction industry 

Institutes (2012) analyzed 14 passive leading indicators implementation in 57 projects and found 

statistically significant negative correlation between the percentage of these indicators applied and 

the OSHA’s TRIR. Rajendran (2012) was comparing between pretask planning (PTP), worker safe 

behavior observation (WSBO) and site safety audit scores (SSA) in a single project case study 

over 37 weeks. The analysis used lagging indicators namely near miss incident rate (NMR), first 

aid injury rate (FA), total incident rate (TI) and total recordable injury rate (TRIR) for comparison. 

The study found a strong significant negative correlation of PTP and WSBO with both FA and TI. 

SSA, on the other hand, had weak correlations with FA, NMR, TRIR and TI. Hinze et al. (2013b) 

assessed the correlation of two leading indicators, namely positive reinforcements and  WSBO on 

OSHA’s TRIR. The study devised a composite scoring method on 14 projects and found a 

significant negative correlation between the score on these two leading indicators and OSHA’s 

TRIR. 

2.2.2 Near Miss Reporting 

OSHA’s (2002) definition of near misses is “an incident where no property was damaged, and no 

personal injury sustained, but where, given a slight shift in time or position, damage and/or injury 

easily could have occurred.” Bird and Germain (1966) identified the importance of near misses as 

the base of a hierarchy leading to major injuries where their hierarchy theorized that for every 600 

near misses, there are 30 property damaging incidents, 10 minor injuries and finally 1 major injury. 

The uniqueness of near miss reporting (NMR) comes from the fact that it was classified by 

researchers in the field of safety as a leading indicator in some instances and as a lagging indicator 

in others. The logic behind defining misses as a lagging indicator was shared amongst several 

researchers and it is that what makes it distinct from an accident is only luck (Toellner 2001; 

Manuele 2009; Rajendran 2012). Other researchers viewed near misses as leading indicators 
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(Construction Industry Institute 2012; Hallowell et al. 2013; Hinze et al. 2013). Hinze et al. (2013) 

presented their argument that using NMR as leading indicators in a more proactive way increases 

their value. This is because lagging indicators are regarded as more negative and thus if near misses 

are framed that way, the safety personnel manage to obtain less valuable information from them. 

 Construction Industry Institute research report (2014) devised near miss reporting 

guidelines as a seven-step cycle namely: definition, rolling out, data collection, analysis, 

communication and encouragement.  Marks et al. (2014) formulated the cycle as: training on 

NMR, Worker observation of near miss, urgency evaluation, severity evaluation, investigation of 

root causes, corrective action identification, communication and implementation, communicating 

relevant details to workforce and incorporating findings into NMR training. Key enablers for this 

process include management culture of leadership, blame free attitude, written program for 

implementation, documentation, flexibility, clear definition of near misses, commitment by owner 

and contractor, proper resource allocation, accessible communication, workforce involvement in 

reporting and investigation and timely reporting (Jones et al. 1999; Hinze and Wilson 2000; 

Construction Industry Institute 2014). 

 Several researchers evaluated the effectiveness of NMR for improving safety performance. 

Jones et al. (1999) examined off shore activities in two Norsk Hydro projects where it was shown 

that as the number of near misses reported increased for both projects, the number of lost time 

injuries was decreased. Hinze (2005) investigated outage work for 9 power plants and found a 

statistically significant negative correlation between the number of hours spent on investigating a 

single near miss and OSHA’s RIR. CII (2014) interviewed personnel from 47 construction sites 

and concluded that companies which produced greater numbers of near miss reports had lower 

OSHA TRIR and that the near miss reporting process lead to greater employee motivation to 

identify site-related hazards and report them effectively.  

2.2.3 Evaluation of Best Practices: 

Safety best practices provide guidelines for organizations to assess their own safety performance, 

improve their own safety management processes and address undesirable events before they occur. 

However, most of the literature analyzes these practices and assess their performance by one of 

two ways, either expert judgement, or relationship to traditional lagging indicators such as OSHA’s 

TRIR or FA which is, in itself, a violation of the nature of these practices. This is because these 

practices do not directly target reduction in accident rates, but rather focus on the underlying 
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elements and defects in safety management system which lead to accidents thus addressing 

accidents in a proactive way before they occur.  

This nature of these best practices makes them dependent on: (1) continuously collecting 

data pertaining to safety performance on site; (2) analyzing this data in a way that relates directly 

to the organizational safety management structure; (3) acting on the analyzed data by taking 

corrective action, publicizing reports, communicating results and taking these results into account 

during future cycles; and (4) assessing the implemented practices themselves and adding/altering 

them according to the nature of the safety management process and safety culture maturity within 

the organization. This cycle of continuous improvement continues forever. 

2.3 Social Network Analysis  

2.3.1 History and Applications 

Social network analysis (SNA) is an analytical method for studying networks. It originates from 

graph theory in mathematics (Otte and Rousseau 2002). SNA emerged in the 1934 when its 

concepts were adopted by Moreno. Moreno and Jennings (1960) modelled the relationships 

between people in political and social settings as networks and sociograms. Since its introduction, 

social network analysis was used by researchers in a variety of applications in many fields 

including health care, social sciences, statistics, management sciences and computer science. 

In health care, it was used to test association between drug injecting networks, sexual 

relationship networks with whether each human has human immunodeficiency virus (HIV) as well 

as the likelihood he gets infected with the virus in the future from a behavioral point of view 

(Friedman et al. 1997). Social networks were also useful in modelling networks with different 

actors in health institutions including nurses, consultants and patients in health organizations to 

understand their effect on health outcomes (Pow et al. 2012). SNA techniques were also useful for 

public health programs to model and understand the networks of partnering and collaboration 

between community organizations (Schoen et al. 2014). 

Social network analysis was widely applied in many social sciences including political 

science, economics, anthropology, psychology and sociology. In political science, it was used to 

investigate cosponsorship networks of legislations made by congress networks in a variety of ways 

including how well connected the network is, how does it affect the legislative influence of 
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congress representatives, links between sponsors and cosponsors of legislation and importance of 

strong and weak links for legislative success (Cranmer and Desmarais 2011; Fowler 2006; 

Kirkland 2011).  

 In the field of economics, social network analysis was used on a village in Nicaragua to 

investigate the effect of gender on social relationship formation and networks that provide access 

to more resources as well as gender-based division of labor (D'Exelle and Holvoet 2011). SNA 

was also used to model how social and economic networks are created or discovered by recent 

advancements in information technology (Sundararajan et al. 2013).This study also inquired into 

the social, economic and organizational effects of information going through these networks, how 

to make use of this information for making social and economic predictions as well as the dynamics 

of the network and how it evolves with the technological advancements. Another study 

investigates the effect of segregating a social network into groups by common properties (like age, 

gender or race) on the diffusion of a certain behavior within the network (fashion trend, buyer 

choice, new technology) (Jackson and López-Pintado 2013). 

 In anthropology, social network analysis was used to study the phenomenon of fission of 

small groups into even smaller more stable subgroup due to the bigger group members being 

divided by the flow of information and sentiments unequally (Zachary 1977). Applications of SNA 

to psychology included those by Moreno and Jennings (1934), the one who introduced SNA, where 

he used it to classify human relationships, which he considered the most important aspects of a 

human social group. Moreno and Jennings used this classification to suggest how social groups 

can be harmonious and capable of working together at the maximum possible efficiency. Another 

study was run on Facebook users as a social network to determine the influence and susceptibility 

of different user profiles to adopt a particular product, that is how influential is a user on other 

users or how susceptible he is to be influenced by other users (Aral and Walker 2012). 

 More than other social sciences, social network analysis added to the field of sociology. 

Examples of studies that contributed to sociology though SNA implementation is a study 

investigated the effect of different properties of social networks on the outcome of collective 

actions performed (Marwell et al. 1988). Another study compared between personal work 

networks for men and women from three different industries testing the differences between them 

classifying ties in the network as instrumental, expressive or overlapping (Stackman and Pinder 
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Figure 3.4: Adjacency matrix for unimodal undirected weighted network 

  

 

 

Figure 3.5: Social network diagram for unimodal undirected weighted network 
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resembles only the root causes which contribute to a particular direct cause and the 

interrelationships between them.  

 Isolating the subnetworks corresponding to the different root causes corresponding to each 

direct cause helps develop the analysis and focus on dynamics of accidents pertaining to a single 

particular direct cause (falls for example). This enables understanding how the root causes interact 

to lead to the occurrence of this particular direct cause. This is particularly important when trying  

to address this particular direct cause since understanding the root causes that lead to it can provide 

a valuable insight into how to avoid or mitigate this particular direct cause for accident occurrence. 

3.3 Model application and result analysis 

3.3.1 Data description 

Data description is a key step of conducting a thorough analysis of the gathered fatality 

data. It involves two major steps, the first is categorizing the root causes obtained from the data 

gathering stage into subcategories. This is to be more able to recognize the accident dynamics, the 

interaction between these accident cause and the underlying factors which lead to these causes, 

which in turn lead to the accident occurrence. The second major step is providing simple statistics 

on the sampled fatalities including their direct cause distribution, location distribution, work site 

functions, whether tasks were regularly assigned and victim roles in the fatality. This provides a 

background on the nature of data being analyzed and an indication of the basic characteristics of 

the data being analyzed which affects the results of the social network analysis. This is particularly 

necessary such that the nature of data can be taken into account in future research when comparing 

results of this study with another conducted in a different area or for a different time span. 

3.3.2 Implementation of exploratory SNA 

The techniques utilized corresponding to social network analysis can be identified as exploratory 

research. Exploratory research refers to research techniques utilized in social sciences. Their 

purpose is to explore the social network behavior to discover emerging properties or patterns 

without bias or predispositions. This means that all SNA techniques and metrics will be used to 

test the network and then the results will be analyzed to gather as much data about the network 

properties as possible rather than having a fixed set of SNA metrics define the network. This 

approach is appropriate in this case since the nature of the network has a large degree of uncertainty 

given that no previous research has dealt with a similar form of networks. 
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 The utilized social network analysis software to compute all Social Network Analysis 

(SNA) metrics and conduct the network analysis is known as UCINET for windows (Borgatti et 

al. 2002). UCINET is a social network analysis software package that includes many social 

network analysis tools usable to describe and characterize networks as a whole, or particular nodes 

within the networks (Borgatti et al. 2014). It also features some useful analytical techniques 

including some multivariate statistics and categorization of cohesive subgroups (Borgatti et al. 

2014). Additionally, all of the graphs or network diagrams provided by this study are designed 

using NETDRAW which is a network diagramming software package which is associated with 

UCINET (Borgatti 2002). 

 The reason for utilizing UCINET is its ease of use, user-friendly interface, extensive 

documentation, wide compatibility in addition to its wide range of capabilities in terms of social 

network analysis tools and metrics. The data for all eight networks utilized was easily imported 

into UCINET as MS Excel spreadsheets and from there UCINET was utilized to compute all 

required social network analysis metrics and NETDRAW was utilized to generate the visual 

representations of the networks being investigated. 

3.3.3 Analysis of results comparatively and statistically. 

This section deals with the use of statistical tools and comparative techniques to compare between 

the metrics obtained for different categories of root causes, to compare between the results 

obtained from different centrality measures and analyze the differences between them, to compare 

between the networks contributing to different direct causes and the difference of network 

properties between them. Since the methods involved in comparison and the corresponding 

statistical techniques rely heavily on the nature of the networks, it will be covered more extensively 

in the results and analysis section. Statistical analysis was done using the software package (SAS 

9.4®) for Windows. 

3.3.4 Validation of findings 

Different SNA metrics which were obtained in the results which rank the construction fatality root 

causes. Accordingly, the identified top ranked or key root causes are compared to the top 

construction fatality root causes which can be found in past studies from literature. Comparing the 

findings of this study with previous studies has two main benefits. The first is being able to validate 

the findings of this study by correlating them with past studies which utilized different 

methodologies. He second is identification of the potential contributions of SNA which enrich the 
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analysis and make it deeper relative to other analytical techniques used in past studies. The 

validation of findings is further detailed in chapter 4. 
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Figure 4.1: Fatality distribution by direct cause 

  

 

Figure 4.2: Location distribution of the fatalities in the gathered data 
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Table 4.1: Root cause categories 

Node Equipment related root cause 

1 Damaged/defective equipment 

2 Lack of necessary Equipment 

3 Poor Equipment handling 

4 Use of non-suitable equipment 

5 Equipment malfunction 

6 Equipment/spoil on excavation edge 

7 Vibration in excavation 

8 Equipment tipping 

Node Safety equipment related root causes 

9 Poor Labeling 

10 Improper use of PPE 

11 No PPE 

12 No fall arrest system, guardrails or safety nets. 

13 No cable insulation 

14 Not wearing seatbelt 

15 Safety element failure 

16 No/damaged Cave in protection 

17 No protection from traffic 

18 Inappropriate decking 

Node Communication Related Root Causes 

19 Lack of employee knowledge 

20 Lack of coordination of site activities 

Node Work tools & material Related Causes 

21 Poor tool handling 

22 Inappropriate tools used 

23 Poor Material Handling 

24 Poor storage 

25 High exposure to chemical 

26 Wet Material 

Node Employer Related Causes 

27 Employer gross negligence 

28 Employer allowed employee to work in an unsafe environment 

29 Lack of knowledge by employer about site conditions 

30 Lack of clear employer instructions 

31 Failure to properly locate Utilities 

32 Lack of preventive action 
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Table 4.1: Continued 

 

 

Node Personnel Related Causes 

33 No competent person on site 

34 No first aid personnel 

35 Lack of supervision 

36 Vehicle observer error 

37 Operation carried out by noncompetent individual 

38 Absence of necessary personnel 

Node Employee related causes 

39 Employee misconduct 

40 Willfully exposing self to hazardous situation 

41 Misjudgment of hazardous situation 

42 Heart Attack 

Node Training related root causes 

43 Lack of specific on the job training 

44 Lack of general health and safety training 

Node Inspection related 

45 Inspection related 

46 Lack of Inspection for equipment and tools 

Node Structural related Causes 

47 Poor Assembling of equipment/scaffold/decking/formwork 

48 Error in design 

49 Failure of structural element 

50 Collapse of structure 

51 Over excavating 

Node Site related 

52 No safe access to site/scaffold/trench 

53 Poor housekeeping 

54 No safe exit to site 

55 Working surface condition not suited to task 

56 Site obstruction 

57 No safe walkways 

58 No site survey 

59 Inappropriate lighting 

Node Procedure related 

60 Not following proper work procedures 

61 No hazard identification/ communication program 

62 Not following proper procedure for operating equipment 

63 No testing procedure for equipment 

64 Noncompliance to equipment manufacturer specifications and recommendations 

65 No effective emergency plan 

66 Lack of safe working procedures 
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accidents. Accordingly, it means that if these two root causes are found together on a site, this 

increases the likelihood that a fatal accident occurs. Accordingly, knowing these pairings can help 

provide early warning of accident occurrence in case certain combinations of accident root causes 

are found on site. Four key pairs of root causes were identified. 

1. “Lack of specific on the job training” and “No fall arrest system, guardrails or safety nets”: 

These two causes are connected to “fall” accidents and their presence together causes 23 of the 100 

fatalities analyzed. These cases were mostly small contractors specialized in roofing who hire 

workmanship who aren’t adequately trained to complete their jobs properly both in terms of safety 

and effectiveness. This absence of training on their job increased the probability of falling while 

carrying out the job and the fact that there is no fall arrest, safety nets or guardrails meant that many 

of the falls would be fatal. 

2. “No PPE” and “No fall arrest system, guardrails or safety nets”: These two root causes are 

also connected to “fall” direct cause, which is the most common direct cause for fatalities. This pair 

is connected to 20 of the 100 accidents which were analyzed. This pair simply shows the probability 

of having a fatal accident is amplified by absence of safety equipment for both site safety and 

personal protection. 

3. “No PPE” and “Lack of specific on the job training”: These two causes indicate a property 

evident in workers who are untrained or new to the work, which is that they are mostly more prone 

to accidents. These two causes combined lead to 17 of the 100 investigated fatalities. It calls that 

enforcing the use of PPE on site very strictly by supervisors is a must particularly for untrained 

workers whether they are undergoing training or new workers who have been assumed to be already 

appropriately trained which might not be true. 

4. “Poor labeling” and “Lack of specific on the job training”: This pair of causes has led to 10 

of the 100 accidents analyzed. It shows that there is a correlation between training on the job and 

the ability of workers to identify potential risks and hazards on site. This interaction can be 

explained by that the ability of untrained workers to identify unsafe or hazardous conditions on site 

is lower than that of trained workers. This necessitates labelling these conditions very clearly for 

them since the probability that they identify these conditions by themselves is much lower. 



 

72 

 

4.4 Exploratory Social Network Analysis 

The representation is of the full network of the 66 root causes discussed in the methodology 

section is shown in Figure 4.6. They are modelled as nodes and 1052 ties exist between them. 

The locations of these nodes are identified by an iterative graph theoretic algorithm which 

defines the initial positions of networks based on a technique known as Gower multidimensional 

scaling. This results into distances between nodes in the graph being proportional to how similar 

they are in many ways such as the geodesics they have to all other nodes (Hanneman and Riddle 

2005). This initial condition is followed by utilizing a spring algorithm which iteratively moves 

nodes such that nodes with shortest path length from each other are closest together (Hanneman 

and Riddle 2005). The algorithm moves the nodes and assesses based on a criterion of fit 

badness which aims to avoid nodes being very close together and improve readability. There is 

an option in UCINET for node repulsion where nodes repel each other to make the network more 

readable (Hanneman and Riddle 2005). This graph then combines elements of multidimensional 

scaling and spring algorithms where distances between nodes are interpretable in terms of their 

cooccurrence while preserving readability. This same algorithm is utilized for plotting all 

subnetworks presented in the following section. 

 At the first look to Figure 4.6, the central area has very dense links. On the other hand, the 

peripheral is much less dense in terms of links. Therefore, the causes which are located in the 

central area (such as RC 11: No PPE) are expected to be of highest centrality and greatest structural 

role in the network, where they form hubs to which many other causes are connected with 

cooccurrence links. Nodes at the periphery (like RC 25 high exposure to chemical), on the other 

hand, have a much less central role in terms of cooccurrence with other root causes and addressing 

them (though essential in many cases) won’t affect other root causes much. Note that the weights 

which are usually reflected in the line weights of the links are not reflected in the line weights in 

the network as adding line weights to the network will increase its complexity and will be 

detrimental to its readability. 

4.5 Social Network Analysis Metrics for the Main Network 

4.5.1 Network Cohesiveness Measures 

• Diameter 

The network has a diameter of 4 geodesics and an average of 1.87 geodesics between any two 
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Figure 4.6: Cooccurrence network of the 66 root causes.
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Figure 4.3: Histogram plot for weighted degree centralities 

 

 

 

Figure 4.4: Normal probability plot for weighted degree centrality 
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Further investigation of the degree distribution is carried out by analyzing the distribution of the 

logs of the weighted degree values rather than the values themselves. This is to be able to know 

whether the weighted degree follows any power law. The results are shown in Figures 4.17 and 

4.18 where when the logs of weighted degrees are analyzed, it is evident that they are normally 

distributed from the plots. The test for normality in Table 4.17 confirms the result with a large p 

value showing insufficient evidence to reject lack of fit. 

The behavior which is exhibited by the weighted degrees suggest that they follow a scale 

free distribution and a power law. This behavior is observed in other phenomena in literature 

including analysis of links on the world-wide web (Albert et al. 1999). The scale free degree 

distribution can be expressed as: 

𝑃(𝑑) = 𝑘 ∗ 𝑑−𝑠 

This expression has P(d) which is the probability of a node (root cause) having a particular 

degree inversely proportional to the degree itself with a power s. This means that the larger the 

degree d, the less likely it is to have a node with this particular degree. This equation can be altered 

by taking the logs of both sides to be: 

log(𝑃(𝑑)) = log(𝑘) − 𝑠 ∗ 𝑙𝑜𝑔(𝑑) 

The expression above was used to fit a linear regression model of log(P(d)) against log(d) 

to be able to compute the values of log(k) and s respectively. Tables 4.18 and 4.19 show the model 

fit statistics and the parameter estimates for the degree distribution regression model. 

The linear regression model showed a very good fit with R square value of 0.8848. and p 

values of 0.0354 and 0.0012 for the intercept and log of D respectively as shown in Tables 4.18 

and 4.19 respectively. The very high significance of the coefficient of log D provides strong 

evidence that the hypothesized scale free distribution holds. According to this model, the 

probability of having a root cause of degree d in the network can be expressed as: 

𝑃(𝑑) = 17.039088 ∗ 𝑑−1.40308 

This model can be used to predict or the network for any given degree the probability that a node 

in the network can have this degree. That is, the proportion of the total nodes in the network with 

a degree similar to this degree. This representation is useful as it provides insight into the network 

properties and allows comparison with other networks. 
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 Figure 4.5: Histogram plot for log of weighted degree centralities 

 

 

Figure 4.6: Normal probability plot for log of weighted degree centrality 

 

Table 4.17: Test for normality for log of weighted degrees 

Tests for Normality 

Test Statistic p Value 

Shapiro-Wilk W 0.985368 Pr < W 0.6294 

Kolmogorov-Smirnov D 0.070513 Pr > D >0.1500 

Cramer-von Mises W-Sq 0.057648 Pr > W-Sq >0.2500 

Anderson-Darling A-Sq 0.371166 Pr > A-Sq >0.2500 
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Table 4.18: Degree distribution model fit statistics 

Root MSE 0.62633 

Dependent Mean -3.024 

Coeff Var -20.712 

R-Square 0.8448 

Adj R-Sq 0.8189 

 

 

Table 4.19: Degree distribution parameter estimates 

Variable 
Parameter 

Estimate 
Standard Error t Value Pr > |t| 

Intercept 2.83551 1.049 2.7 0.0354 

log D -1.40308 0.24553 -5.71 0.0012 

  



 

128 

 

4.8.2 Comparison of means 

After identifying the distribution of degrees in the network, the means of the 4 identified groups 

(human factors, physical factor, organizational factors and technical factors) are compared. Since 

the weighted degrees follow a scale free distribution, a non-parametric test (Wilcoxon Ranked 

Sum Test) is used for the comparison of the mean weighted degree for the four groups. The results 

of the test are shown in Table 4.20. 

The Wilcoxon ranked sum test statistics in Table 4.20 shows no difference in means between the 

4 groups with a very large p value of 0.3653. This means that there is no sufficient evidence 

given by the data that the means of all four groups are not equal. The results of the test agree 

with the boxplot shown in Figure 4.19, where the difference between the means in the four 

groups are very minor. The conclusion that can be drawn from this analysis is that there is not 

sufficient evidence given to support that either human, organizational, physical or technical 

factors have the highest centrality in the network. This is in line with previously mentioned 

accident causation theories which categorize all these factors as important factors whose 

interaction leads to accidents. 

4.9 Summary of findings 

The social network analysis is carried out for the network of root causes for the 100 

fatalities investigated as well as the seven subnetworks obtained by breaking down the main 

network by direct cause. Centrality analysis yields that it is not failures in sophisticated elements 

of the safety management system which cause fatal accidents but rather failures in the most basic 

elements. 

Centrality analysis yields shortage of job-specific training to be the most central root cause in the 

main network, struck by network and caught in between network making it a very important cause 

to address.  

 Key factors underlying the occurrence of fatal accidents in the main network according to 

weighted degree centrality are found to be employers not willing to invest in employees, poor 

enforcement of safety rules, cutting down on safety budget, lack of training, poor communication 

and deficiency of basic procedural site operations. They also include poor safety culture for the 

employer and employees, lack of hazard awareness and procedural and technical human errors.  
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Table 4.20: Wilcoxon ranked sum test statistics 

Wilcoxon Scores (Rank Sums)  

  N 
Sum of 

Scores 

Expected 

under H0 

Std Dev 

under H0 

Mean 

Score 

human 15 544.5 502.5 65.3118 36.3 

organizational 26 949.5 871 76.1514 36.5192 

physical 12 306 402 60.1102 25.5 

technical 13 411 435.5 61.9827 31.6154 

Kruskal-Wallis Test 

Chi-Square 3.1759 

DF 3 

Pr > Chi-Square 0.3653 

 

 

 

Figure 4.7: Box and whisker plots for weighted degrees of the four groups 
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Eigenvector centrality yields similar results to degree centrality and betweenness centrality brings 

focus on site conditions as a key underlying factor that could lead to different scenarios of fatal 

accidents. The weighted degree is chosen to be the reference centrality where it answers the 

question if a particular root cause is addressed, how much of the network connectedness is reduced. 

For the seven subnetworks, analysis of the fall network yields that reduced employer 

spending, poor supervision and safety rule enforcement, lack of training, lack of inspection and 

communication issues are key underlying factors leading to falls. Struck by hazards on the other 

hand were mostly associated with equipment operations. Key underlying factors leading to struck 

by fatalities were human errors both procedural and technical. Additionally, lack of training and 

inspection and poor site conditions were among the factors leading to Struck by fatalities. 

 Caught in between hazards were similar to struck by hazards where technical and 

procedural human errors were key underlying factors leading to these hazards. These hazards 

though put more emphasis on work site condition and layout as a key factor. Reduced employer 

spending and valuation for the employees is also a deficiency leading to caught in between hazards. 

Not having regular inspection operations are also a key organizational deficiency leading to struck 

by hazards. 

 Electrocution hazards were mainly attributed to human related factors, mainly procedural 

errors. Employer lack of involvement, lack of training and poor site conditions were also found to 

be amongst the key factors. Table 4.21 summarizes the key root causes in the main network as 

well as the four subnetworks corresponding to the fatal four direct causes. The 3 centrality rankings 

shown in the table are those of degree centrality denoted by D, flow betweenness centrality denoted 

by FB and Bonacich Power/eigenvector centrality denoted by BP.  

 The network for asphyxia on the other hand showed that it happens mainly due to human 

related faults of individuals other than the victim which are either procedural or technical. Work 

site conditions and inspection are also important factors in this network. Burns and explosions 

were found to result from a multitude of organizational failures which are mostly attributed to the 

employer’s lack of involvement and lack of spending. These span areas of training and 

communication. Health related networks was shown to resemble heart attack cases from which not 

much conclusions could be drawn. 

In terms of density, all networks were relatively dense with asphyxia and burn/explosion networks 

being the densest and stuck by network being the least dense. Moreover, struck by caught in  
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Table 4.21: Summary of centrality rankings for main network and fatal four direct causes 

RC 

# Root Cause 
Main Fall Struck by 

Caught in 

between 
Electrocution 

D FB BP D FB BP D FB BP D FB BP D FB BP 

43 Lack of specific on the job training 1 1 1 3 2 3 1 1 1 1 1 1 2 1 2 

45 No jobsite inspection 5 3 6 8 9 8 2 2 2 3 2 4       

44 

Lack of general health and safety 

Training 
4 4 4 4 5 4 7 7 10       8   8 

9 Poor Labeling 6 6 5     9 11 8 13 7   7 6   7 

11 No PPE 3 9 3 2 4 2         7   3 4 6 

3 Poor Equipment handling 8 15 12       4 5 4 2 4 2       

12 

No fall arrest system, guardrails or 

safety nets 
2 2 2 1 1 1   9           6   

60 

Not following proper work 

procedures 
15 5         6 3 9       5 5 3 

39 Employee misconduct 9 11 7 5 6 7   14           8   

30 Lack of clear employer instructions 7 13 14       3 11 3 11   11       

46 

Lack of Inspection for equipment and 

tools 
11 10 10 9     14 10   9   9       

28 
Employer allowed employee to work 
in an unsafe environment 

10 12 9               10   1 2 1 

1 Damaged/defective equipment 12   13       9   8 4 11 3       

64 

Noncompliance to equipment 

manufacturer recommendations 
            8 13 6 5 3 5       

37 
Operation carried out by 
noncompetent individual   7         13   12 6 9 6       

53 Poor housekeeping   14         15 4 15 10   10       

47 

Poor Assembling of equipment/ 

scaffold/ decking/ formwork 
13   8 6 8 5                   

18 No decking     11 7 7 6                   

21 Poor tool handling                         4 3 4 

16 No/ damaged Cave in protection   8         5   5             

33 No competent person on site             12 12 14             

13 No cable insulation                         7   5 

23 Poor Material Handling                   8   8       

4 Use of unsuitable equipment             10   7             

35 Lack of supervision 14   15                         

19 Lack of employee knowledge         3                     

14 Not wearing seatbelt                     5         

48 Error in design               6               

54 No safe exit to site                     6         

22 Inappropriate tools used                           7   

6 Equipment/spoil on excavation edge                     8         

5 Equipment malfunction                 11             

2 Lack of necessary Equipment               15               
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between and fall are the most centralized networks, whereas burn/explosion are the least 

centralized. All networks do not display any homophily. 

 An expression for the degree distribution of the main network was found. A statistical 

comparison of means of human related, organizational, physical and technical factors found no 

statistically significant difference in centrality between any of the four groups of root causes. 
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CHAPTER 5:  

CONCLUSION AND FUTURE RECOMMENDATIONS 

5.1 Conclusion 

Fatal accidents are still amongst the key failures impeding the US Construction industry. They are 

indicators of safety for which other countries are ahead of the US and other industries are ahead 

of construction. This study harnesses the analytical power of social network analysis to identify 

key patterns and relationships amongst root causes of fatalities in construction. 

 SNA utilization facilitated including the interrelations amongst accident root causes which 

enhanced the analysis enabling the study to identify significant root causes not previously 

identified using other techniques. The importance of these cause identified solely using SNA stems 

from that their combination with other causes significantly increases the probability of fatal 

accidents. SNA allowed inclusion of both root causes stemming from downstream conditions on 

site as well as others which are more upstream including design related, procedural and 

organizational root causes. SNA, in that sense, allowed the analysis to be more comprehensive as 

well as more in depth.  It also provided metrics which were objective allowing quantitative 

methods to be used to prioritize root causes as well as devise the suitable safety management 

practices to address them efficiently and effectively. Finally, use of SNA enabled identifying 4 

root cause pairings which lead to most fatal accidents when they occurred at the same time. All 

causes in these pairs were among the top centrality causes which shows the effectiveness of SNA 

in capturing the relationships between causes. 

 Since centrality is one of the main metrics, comparison is done between the different 

centrality measures in the context of construction safety. This comparison yields that weighted 

degree centrality is the most representative of the reduction of network connectedness when a 

cause is removed from the network which is central to this study. Eigenvector centrality and flow 

betweenness are indicative of the connectedness of a particular cause with other well-connected 

causes and its contribution to diverse scenarios of accidents when combined with other causes.   

 Job-specific training was identified as the cause with the highest centrality in all the 

analyzed accidents. Additional most central causes are lack of safety nets, guardrails and fall 

protection equipment, not using PPEs, absence of generic health and safety training and lack of 

labelling hazards on site.  
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 The analysis of the main network yields that it is a compact structure of cooccurrences 

between root causes with a small diameter and large density with a scale free degree distribution 

following a power law or which the equation was provided. Moreover, the main network structure 

can be described as centralized where most of the centrality in the network is possessed by a small 

proportion of the causes. This means that the centrality and thus the accident occurrences are easily 

reducible by addressing the key root causes. This was supported by much of the connectivity in 

the network being lost by dichotomizing. The network displayed no signs of transitivity. 

 This analysis is complemented with comparative analysis of subnetworks of root causes 

contributing to a particular direct cause. The subnetworks, like the main network, showed dense 

compact structures where “asphyxia”, “burn” and “fall” networks had the densest structures by 

weighted density. This means that these networks on average have each root cause more connected 

to other causes in the network which suggests that, on average, addressing causes in these networks 

is more efficient. Such consideration can be particularly useful given time and cost limitation to 

safety improvement. 

 “No specific on the job training” was found to be the most prominent cause of fatal 

accidents in the US, where it is the highest ranked cause in “main” network, “struck by” network 

and “caught in between” network. This study distinguishes between the generic safety training and 

the more specialized job specific training to carry out the job safely and effectively. This cause is 

of particular importance since it is ranked as the top cause in the main network, struck by network 

and caught in between network. The high centrality of this cause owes to the fact that many of the 

investigated fatalities involved workers who were not trained to do their jobs in a proper safe 

manner. This can be attributed to reluctance of employers to train workers on proper safe work 

practices either out of lack of budget, or time, or simply presuming that they already know the safe 

job-specific work practices while it is not the case. This cause also contributes to three of the four 

key root cause pairings causing the majority of accidents. The high centrality of job specific 

training suggests that workers who haven’t had the necessary training to understand their own job 

and its associated hazards and safety precautions are much more prone to accidents.  

“Employer allowing employees to work in unsafe environment” (particularly near 

energized circuits in this case) is the key cause for electrocution. “Asphyxia” key cause is “no or 

damaged cave in protection”. “Burns/explosions” result from “damaged or defective cave in 

protection” and “heart attacks” are the main cause for “Health related” fatalities. In terms of degree 



 

135 

 

centralization, “caught in between” network is the most centralized followed by “struck by” then 

“fall”. The large centralization means there is a large gap in centrality between most important and 

least important causes in the same networks. In other words, it means that addressing only few of 

the top causes in “caught in between”, “fall” and “struck by” networks can significantly reduce 

probability of accident occurrence. This is since these few causes are connected to most other 

causes in the network. None of the networks shows strong evidence of transitivity. 

 One important outcome from this analysis is that fatal accidents are mostly related to the 

simplest and least sophisticated concepts related to safety. This is highlighted by the fact that the 

root causes of highest centrality have very simple countermeasures. Inferences obtained from the 

network data indicated that the key root causes in the networks can be linked together with a set if 

key underlying factors. Reduced safety expenditure, slack of safety regulation enforcement on the 

worksite, poor coordination and limited visual, verbal and written safety-related communication 

are among these factors. Another key underlying factor is defective site operations planning and 

enforcement. This applies to different types of operations which should be systematically carried 

out but aren’t like supervision, inspection of equipment and tools, jobsite inspection and regular 

workforce supervision. The key root causes identified by SNA also highlight that one of the 

underlying factors is deficient safety culture for employers and workers. Employers lack the 

essential trait of valuing their workforce by spending then necessary money for supplying them 

with training and with safety equipment to protect them as well as establishing lines of 

communication focusing on worker welfare with clear instructions. On the contrary, workers also 

have a poor culture and attitude towards safety. Some of the causes of fatalities included workers 

not showing proper conduct, failing to follow the correct safe procedure for work execution and 

intentionally subjecting themselves to hazards which can be life threatening. This raises a flag that 

laws should be put in place to address minimum requirements for employers concerning the 

standard of safety on their worksites as well as employers training and educating their workforce. 

If every employer can educate and train his workforce better, this can enhance the workers’ safety 

culture and hazard awareness. 

 SNA successfully identifies key root causes of fatal accidents as well as their relationships 

and interactions from a holistic perspective. This perspective can complement the current top down 

approach to trace root causes down from the accidents which relies on accident causation models. 

This can be achieved since the network approach aggregates those causes found using top down 
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approach in a network and tries to reverse the process by contemplating how they combine to cause 

accidents.  This bottom up approach enriches the analysis by adding to it a different dimension 

which is the relationships between the causes which is a different dimension added to the analysis. 

Furthermore, this analysis shows an example of breaking down the network by direct cause which 

is a versatile technique. The versatility of this technique stems from its ability to break down 

networks of accident root causes not only by direct causes but other categorization criteria such as 

relevant safety management policies or accident type for a more in-depth analysis. 

5.2  Limitations 

Research findings are particularly limited to the US construction industry. This is particularly true 

since the data gathered is based on the US industry. Moreover, the adopted methodology studies 

accident root causes through their interrelations rather than through their frequency of occurrence. 

These interrelations may vary from country to country based on human culture and traditions 

making it less useful to generalize results from the US construction industry to other parts of the 

world.  

 Another key limitation of the SNA model includes that it doesn’t include any factors 

pertaining to social and cultural backgrounds of the workers and their influence on their behavior. 

The culture in this context does not refer to safety culture but rather to heritage, ancestry and 

traditions in a broader perspective. This limitation is due to that the fatal accident case files do not 

provide background information relevant to any social or cultural background of the victim or 

other workers. Obtaining this information will thus include a significant amount inference and will 

have high uncertainty associated with it. Accordingly, this information could not be reliably 

obtained even though its presence could have led to a significant enrichment to the model. 

5.3 Recommendations for Future Work 

The use of social network analysis for modelling root causes of fatal accidents is a new innovative 

approach which has not been attempted before. Therefore, there is a lot of room for applying this 

analytical methodology in different ways to benefit from its analytical power as well as maximize 

its own potential. This is particularly true since as previously noted, the industry’s forward leap in 

using zero incident techniques and safety leading indicators including near miss reporting should 

be complemented with compatible analytical tools. 
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 This study was able to identify the degree distribution or the network and express it 

numerically. However, since it is limited to a single network and other subset networks, this could 

not be compared with other degree distributions. Future work can include assessing degree 

distributions in accident networks from various organizations and comparing them to be able to 

interpret the effect of the degree distribution on the root cause network properties. 

 Furthermore, some of the SNA techniques which can be useful in safety domain aren’t 

covered by this research. These techniques include clustering and homophily. Clustering is a 

metric which can divide the networks to subdivisions which are more strongly connected to one 

another. Homophily, on the other hand, reveals if causes which have certain characteristics in 

common are more likely to be connected to each other. Utilizing these techniques in the domain 

of accident causation analysis can provide a promising area of research. 

 One other SNA application which can be of value for future research is modelling networks 

dynamically instead of statically. This can be used as a performance assessment tool in the area of 

safety management where the network temporal development can be observed and changes in the 

network can potentially serve as an indicator of performance. 

Finally, it is recommended to use social network analysis as a selection, analysis and 

evaluation tool for safety leading indicators. The benefit of using social network analysis with 

leading indicators is twofold. First, the use of social network analysis not only identifies but 

provides a quantitative measure for cooccurrence of particular accident root causes. This can be 

utilized in the selection stage of leading indicators to select the appropriate leading indicators. This 

can be done by identifying the number of root causes which the leading indicator addresses, their 

centralities and the cost for measurement of this leading indicator. This cost could be monetary or 

non-monetary. Secondly, it facilitates the leading indicator performance evaluation. The leading 

indicator being attached to particular root causes means that the change in centrality in these 

particular root causes can be directly attributed to the leading indicator. This is particularly true 

since most of the literature reviewed about leading indicators assess their performance based on 

either lagging indicator such as TRIR and FA or expert judgement. 
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