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ABSTRACT  

Maximizing safety often means operating a construction site at its highest sustainable level of safety. This 
sustainable level of safety is of major interest for safety managers because knowledge of such level can 
help them identify areas and opportunities of enhancing safety on the jobsites. Safety strategies and plans 
are made by the managers based on their perception of such sustainable safety. No formalized method 
exists to determine such level of safety for a construction site. OSHA regulations provide a general guideline 
but do not consider specific site conditions. The regulations also do not provide insight on what can be done 
beyond the mandatory requirements to maximize the level of safety and what level of safety can be attained 
and sustained on a site. To address this problem, this paper proposes a novel framework to identify the 
sustainable level of safety for a given condition at site. The method builds upon a two-way approach in 
which a theoretical maximum level of safety and observed level of safety govern the sustainable safety at 
site. The method also intends to explore the inefficiencies at the jobsite and help identify the areas of 
improvement. The scope of the paper is limited to labor-intensive lifting operation and relies on skeletal 
data collected by Kinect camera for illustration purposes. The paper outlines the method and the 
components of the framework and provides an illustration through a lab-based experiment. The method 
can potentially help the safety managers to improve their strategies based on real data collected from the 
actual site and set realistic goals for safety management on construction sites. The method can also be 
implemented to automatically analyze safety and make recommendations based on real-time data collected 
from the site. 
 
Keywords: - Safety Management, Sustainable Safety, Worker Safety, Real-time Posture Tracking, 
Construction Operation Analysis 

1. INTRODUCTION 

After 1990, the significant efforts towards sustainability paradigm in the built environment resulted a notable 
movement on sustainable construction (Kibert 2016). Researchers and practitioners initiated to explore 
sustainable construction strategies (Govindan et al. 2016) in terms of the application of sustainable 
materials. Bringing a green building design and application of sustainable materials in the construction of 
infrastructure is not a complete solution to achieve sustainable construction. Existing research and 
construction practices in sustainable construction are focused also on achieving the targeted cost, quality, 
and time. But an important metric is completely missed - safety, which has significant contribution towards 
achieving a complete sustainable construction.  
 

mailto:npradhan@fiu.edu


CON215-2 

Safety is one of the most concerning metric in the construction industry because this industry has 
consistently suffered from the highest number of occupational injuries and fatalities among all industries 
(BLS 2012). Statistics shows that construction industry in US spent $10 billion to fatal and non-fatal related 
injuries in 2008 (NSC 2008). The goal of U.S. construction industry is to achieve zero accidents and fatalities 
at workplace, which is still a long way to go (Dai et al. 2012). Since past few decades, several studies have 
been conducted on safety performance measurement, benchmarking, and safety management (Dai et al. 
2012, Fang et al. 2004) to understand what is achievable and what level of safety can be sustained on a 
construction site. Contractors and professionals never feel relaxed to ensure safety and avoid accidents 
(Zhang and Chen 2015) because there are still several weaknesses in the current safety practices 
(Choudhry and Zahoor 2016). It shows that complete safety management is still a challenging task for 
project management team. In addition, workers’ safety becomes paramount because it has direct impact 
on productivity, profitability, and employees’ morale. 
 

Traditionally, safety management strategies are developed by the top-level management team from their experiences 

and available historical records. These strategies are developed to enforce and sustain a certain level of safety on the 

construction site. This level is usually governed by prior experience at other jobsites. Then, they usually implement 

these strategies to all their projects directly through a top-down approach (Mani et al., 2014). But, there are several 

known and unknown factors that impact safety directly and indirectly. These factors can be unique to each project and 

the strategies might need constant update or a strategy developed for one site might not even be applicable to other 

sites. A formalized approach of identifying the sustainable level of safety for a given working condition, hence, remain 

unresolved. This scenario demands a project-based sustainable safety management strategy and a systematic method 

for evaluation of absolute efficiency of safety management strategies. To fulfill this demand, this research presents a 

systematic framework for determining sustainable level of safety for labor-intensive operations, which is described in 

the following sections. 

 

The framework leverages the emerging trend of real-time data collection and utilizes it for illustration of the 

framework. Although the framework can be implemented without the involvement of real-time data, practicality and 

feasibility of the method depend upon the degree of automatic analysis and availability of data for the operation in 

question. 

2. SAFETY DYNAMICS: THEORETICAL BACKGROUND 

The fundamental concept of this research framework is developed based upon productivity dynamics described by 

Son and Rojas (2011), Mani et al. (2014), and Kisi et al. (2016). They introduced a method of computing optimal 

productivity of an activity using Productivity Frontier and Actual Productivity as shown in Figure 1. They showed 

that the optimal productivity that can be achieved for a construction activity is less than the theoretical maximum 

productivity (Productivity Frontier) due to the System Inefficiencies and more than the observed productivity (Actual 

Productivity) due to the existence of Operational Inefficiencies. They validated the framework by collecting data 

pertaining to a labor-intensive activity. 

 

 
Figure 1: Productivity Dynamics (Mani et al., 2014) 
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Based on the concept, this paper has identified four different level of safety dynamics: (i) OSHA Standard, (ii) 

Observed Safety, (iii) Sustainable Safety, and (iv) Safety Frontier, as shown in Figure 2. OSHA standard is the 

minimum safety level required by OSHA standards for a given task and field conditions. Observed safety is the level 

of safety observed in the field. It can be below or above minimum level of safety required by OSHA standards. 

Sustainable safety is defined as the highest level of safety that can be achieved and sustained under good management 

and typical field conditions. Since management is a function of the performance of project managers and their project 

team, a good management here is considered as the best acceptable level of proficiency of project team. Typical field 

conditions are project site circumstances as per construction industry standard excluding typical events of natural 

disasters and labor-union conflicts. The safety frontier is the theoretical maximum level of safety conceivable under 

perfect conditions. Similar to Mani et al. (2014), perfect condition is an ideal state where all factors affecting 

construction workers’ safety are at their most favorable levels, such as good weather, highly motivated and trained 

workers with flawless artisanship, optimal safe utilization of materials and equipment, ergonomically safe posture or 

poses of workers, no interference from other trades, no design errors, no equipment failure, no fatigue, no injury, no 

loss of life, and precise understanding of the design intent, among others. 

 

Besides, unlike productivity where the optimization function is only defined by output per unit time, safety is less 

quantitative in terms of analysis. Numerous factors govern the safety situation of a jobsite and the operation that is 

being considered. A better representation of safety dynamics would be a radar chart shown in Figure 2. The radial 

lines represent the factors that affect worker safety on a construction site. The factors can be categorized into personal, 

organizational, regulatory or environmental. For each factor, the level of current safety situation can be determined by 

observing the site or by real-time data collection. Also, there exist a theoretical maximum level of safety that can 

possibly be achieved for the given situation. Based on these two, the sustainable level of safety can be calculated. The 

OSHA standard will give a general regulatory guideline associated with the operation. OSHA regulation is 

independent of the observed safety or safety frontier but is expected to be followed in the site. For the chosen set of 

factors, Figure 2 will give the safety status and will also provide insight on the areas of improvement at a glance.  

 

 

 
 

Figure 2: Radar chart with Safety Dynamics components for various factors 

 

The elements present on the site that hinder the achievement of such maximum levels of theoretical or practical safety 

conditions are termed as inefficiencies. This research has identified two types of inefficiencies (system and 

operational) like previous researchers. System inefficiencies imply the loss in level of safety due to factors that are 

not under the control of a safety manager, such as environmental conditions (high humidity, cold or hot temperatures), 

breaks, workers’ health, absenteeism driven by health or family issues, interference from other trades, design errors, 

behavior and intention of workers, and unsafe or uncertainty conditions due to mechanical failures of equipment, 

among others. Operational inefficiencies imply to the loss in level of safety due to factors that are under the control 

of a safety manager, such as poor sequencing of activities, inadequate and improper or unsafe utilization of equipment 

or tools, excessive overtime, untrained or unskilled workers, poor lighting conditions, mismatch between skills and 

task complexity, and carelessness of workers, among others. The illustration in the following sections is expected to 

further make the arguments concrete. 
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3. OBJECTIVES AND SCOPE 

The main objective of this paper is to outline the steps required to determine the sustainable safety for a labor-intensive 

operation. The steps are introduced along with an example of a simple lumber lifting operation. The paper reports 

preliminary observations from data analysis but does not intend to validate the methodology. The methodology 

requires intensive experiments and rigorous computational analysis for validation. This paper introduces the concepts 

and methodology pertaining to only manual labor-intensive repetitive construction operations. For demonstration, this 

paper only discusses one factor - the posture angle of the worker, which is the angle made by the worker’s torso with 

the vertical. This angle is chosen because it is the critical factor in lifting activities and can lead to long-term injuries 

(Cheng et al. 2012). Determination of some factors used in the research and practical application of the proposed 

approach requires data collection from a real site and is not within the scope of this paper. 

4. METHODOLOGY AND ILLUSTRATION 

The study envisions a two-way approach in which the sustainable safety depends upon: (i) computation of theoretical 

maximum level of safety (safety frontier) that can be expected for a given condition and (ii) observed level of safety 

on site. Figure 3 outlines the framework of this study. To determine sustainable safety, researchers introduces, safety 

frontier—a theoretical maximum level of safety conceivable under perfect conditions—and then determines system 

inefficiencies. This framework estimates the upper threshold of sustainable safety by deducting system inefficiencies 

from safety frontier. Subsequently, the lower threshold of sustainable level of safety is determined by deducting 

operational inefficiencies from the observed safety. Then, by averaging these lower and upper thresholds, sustainable 

safety can be determined.  

 

This framework is illustrated by conducting a study on “lumber lifting” task. The researchers first identified different 

stages (actions) involved in the lumber lifting task and performed hierarchical analysis of this task. Considering body 

postures at different actions involved in this task, sample data was collected in the controlled indoor environment. By 

thorough analysis of data, this study determined the sustainable safety and discussed about various safety levels and 

inefficiencies. 

 

 

 
 

Figure 3: Framework to determine the sustainable safety 

 

Hierarchical analysis: A construction operation can be broken down in many ways. Tucker and Guo (1993) classified 

construction operation into area, activity, and task. Everett and Slocum (1994) broke down construction field 

operations into seven hierarchical taxonomies: project, division, activity, basic task, elemental motion, orthopedics, 

and cell. In this study, the researchers broke down an operation into four level hierarchy of subsystems, namely 

activity, task, action, and movement, following Mani et al. (2016). This breakdown was adapted based on the need for 

detecting and analyzing workers’ behavior in terms of safety and ergonomics. 

 

This framework has been described with an example of a lumber-lifting task. Initially, this task broke down into five 

actions as discussed below. A brief introduction of actions involved in this task, are as follows. 
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i. Approaching to lift lumber. This is a process of walking from the standing position to the position as near 

to lumber as possible and getting ready to sit for lifting the lumber. This action involves various movements, 

such as walking, standing, and get ready to sit for lifting the lumber.  

ii. Squatting to lift lumber. A process of squatting to lift lumber includes two different movements, such as 

sitting into the lifting position and backing as straight as possible from the standing position. 

iii. Sitting in safe lifting position to lift lumber. To lift the lumber safely, it is necessary to sit in safe lifting 

position and then grab the lumber with safe gripping. Therefore, this action involves two movements: sitting 

and grabbing the lumber.  

iv. Standing up with lifted lumber. This is the process of standing straight up with the lifted lumber from the 

sitting position. 

v. Hauling lumber. This is the process of walking with the lumber to the hauling place with back as straight as 

possible. The hauling action involves different movements, such as walking towards destination, standing on 

the position, squatting to drop the lumber, dropping the lumber, and standing straight up. 

 
4.1 Sample data collection 

Sample data was collected for a lifting activity and observations were made based on the hierarchical breakdown 

structure discussed above. Like Ray and Teizer (2012), a Kinect v2 camera was used to collect posture angle of a 

subject while performing a lifting task. The subjects for this study were students who had knowledge about the OSHA 

safety standards and well established lifting technique. The Kinect camera was placed facing the subject and the video 

camera was placed perpendicular to the Kinect such that both could record the postures while lifting the lumber. The 

video recording was synchronized with the Kinect camera for manual visualization of whole lifting process. Two 

subjects were asked to lift the lumber more than 35 times each. The subjects were instructed to try different lifting 

postures to demonstrate all potential postures for the study (shown in Figure 4). The resulting data was time normalized 

to remove time factor from the analysis and focused only on safety. Figure 4 illustrates the performance of students 

and various actions involved in this task. 

 
4.2 Analysis of Framework Components 

The components of the framework are discussed below with respect to this hierarchical breakdown structure of a 

lifting task. 

 
4.2.1 Safety frontier 

The safety frontier can be attained by kinematic analysis of the human joints during lifting. The posture which has 

minimum effect of the lifting to the joints in consideration while lifting is the safety frontier. The safety frontier might 

never be attainable at construction site due to the presence of system and operational inefficiencies at site. 

 

For this illustration, the observed data for each posture were analyzed. The postures were classified into contributory 

and non-contributory postures. The contributory postures (or movements or actions) are the value-adding postures, 

which are necessary to accomplish the task (Mani et al. 2016). Non-contributory postures, actions, or movements are 

those, which do not contribute to complete the task, such as worker talking with co-worker while approaching the 

lumber, disturbance by other workers, leaving the workstation for non-related work, standing unnecessarily at one 

position (idle condition), sitting too far from the lumber before grabbing it (which is unsafe), looking towards 

unnecessary directions and wasting time while holding or lifting the lumber. In posture level analysis, all contributory 

postures were identified and excluded non-contributory postures. From the identified contributory postures of all the 

workers, the maximum safety level postures for each movement to accomplish the “lumber lifting” task were selected 

and the safety frontier was determined. It should be noted that kinematic analysis was not performed for this 

illustration. Actual safety frontier can be expected to be different from the one obtained from this analysis. The analysis 

demonstrates a method that can be utilized in the absence of sophisticated computational model to perform kinematic 

analysis of the movement. 

  
4.2.2 Observed safety 

The observed safety is the actual level of safety while performing the task at the construction site by the workers. This 

could vary depending upon the nature of the work and the personal attitude of the workers. A huge variation was seen 

in the postural data of different lifting task. Figure 4 shows the graphical representation of this variation. The Y-axis 

represents the angle that the torso made with the vertical. The X- axis is time which is normalized for all the 75 lifts 
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to eliminate the time factor from the analysis. Since the analysis is done only for safety, the participants were instructed 

to complete the task without considering the time taken to complete the task. That means it would not matter if the 

participants work slowly or fast but what only matters is if they are working safely. In real scenario, productivity will 

be another function to optimize while maximizing safety of the workers. 

 
4.2.3 System and operational inefficiencies 

Aksorn and Hadikusumo (2004), Serpell and Alarcon (1998), Al Haadir and Panuwatwanich (2011), and Sawacha 

and Naoum (1999) have identified some of the safety related factors contributing the system and operational 

inefficiencies that impact on safety in the site, such as group norms, inappropriate personal attitude & motivation, 

inappropriate supervision, lack of communication, lack of safety education and training, lack of skills, lack of 

management support, lack of team work, and unfavorable site conditions. The data was analyzed to determine the 

presence of any of these inefficiencies and the magnitude and effect of such inefficiencies were assigned based on 

manual judgement and on-site observations. 

 

 
Figure 4: Postural variations during a lifting operation 

 

 
4.2.4 Sustainable safety 

Based upon this proposed framework (Figure 3), after deducting losses of safety level due to all system inefficiencies 

factors from the safety frontier, the upper threshold of the sustainable safety is obtained. The lower threshold of the 

sustainable safety is obtained by adding observed safety and lost safety level due to all operational inefficiencies. 

Then, by averaging both upper and lower level, the sustainable safety can be achieved. From the lab experiment, the 

angle of body postures was measured while performing this task. A graph was plotted to show the results of this study 

as shown in Figure 5.  

 
4.2.5 OSHA standards 

OSHA standards are not dependent on the experiment or the data. But the regulations need to be followed on 

construction sites. Therefore, OSHA standards has been identified as one of the component of the theoretical 

framework. Though OSHA doesn’t set specific standard for lifting, it recommends the employers to provide safe 

lifting training to employees. The National Institute of Occupational Health and Safety (NIOSH) has also developed 

an equation to access the lifting condition. And, there is a well-established proper lifting technique followed by the 

OSHA in safety training. Although observed safety can be above or below OSHA standard, the sustainable safety is 

always expected to be higher than OSHA standard. The primary objective of this paper is not just to examine the 

OSHA standards, but to provide insight to the safety management team of a project about potential gap between 

sustainable safety in the site and existing actual observed safety (and/or OSHA standards).  

 

4.3 Illustration of expected results 
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Like mentioned earlier, the actual analysis requires rigorous study and sophisticated computational analysis and will 

also benefit from expert advice. For illustration, a preliminary plot is shown in Figure 5. Figure 5 divides the task into 

five actions and shows how the analysis can be performed in a lower level hierarchical structure. The figure merely 

provides an approximation of what can be expected from the actual analysis and does not represent the actual result. 

Figure 5 only considers one factor, the postural angle of the worker. Consideration of multiple factors will yield a 

radar chart like the one shown in Figure 2. 

 

 
 

Figure 5: Safety dynamics with different safety levels for a lifting task 

5. LIMITATIONS 

This paper reports the preliminary study on safety dynamics and illustrates the process of determining the sustainable 

safety for a labor-intensive lumber lifting task. Further study is required to identify all possible system and operational 

inefficiencies factors. More experiments are required to analyze the safety frontier based upon contributory and non-

contributory actions involved in the task. 

 

The major benefit of such a system lies in automation and real-time data collection and analysis. It is a tedious process 

to be performed manually and the output from manual analysis might not yield promising results. But if the factors 

are identified and data is collected and analyzed automatically, this method can monitor the site continuously can 

constantly identify the opportunities of improving safety conditions on a jobsite. 

6. CONCLUSIONS AND RECOMMENDATIONS 

Historical data or past experiences help project managers in making safety strategies for a project. Such strategies 

might not address the unique characteristics of a site and may not reflect the actual necessity of that project. To 

determine the absolute efficiency of safety management strategies, it is necessary to conduct project-specific safety 

analysis because every project has unique characteristics. Considering such reality, this study introduces safety 

frontier, sustainable safety, and observed safety under the umbrella of safety dynamics and proposes a framework to 

estimate sustainable safety so that project manager would be able to benchmark for comparing actual observed safety 
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level with sustainable safety to get absolute efficiency of the safety strategies. Since this is a novel concept in 

construction engineering and management domain, it is necessary to conduct and validate this concept through several 

experiments both in laboratory and field environment before it can be implemented in the construction industry. This 

study is a first step of analyzing the safety dynamics in this area. Thus, it takes a simple “lumber lifting” task to test 

its framework.  

 

This study contributes to the body of knowledge by presenting an innovative approach of analyzing safety dynamics 

in the construction engineering and management domain. It also brings an innovative perspective of safety, sustainable 

safety, which can potentially be a significant parameter of sustainable construction. From this study, it was found that 

the introduction of sustainable safety can potentially provide construction managers the yardstick benchmark to 

compare the existing observed safety level at site and plan accordingly to get as near as possible to the maximum 

sustainable level of safety by identifying the operational and system inefficiencies. After identification of the 

inefficiencies, the out-of-control system inefficiencies factors can be screened and focus can be given on mitigation 

of operational inefficiencies factors. 
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