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Abstract 
In this study, Data Envelopment Analysis (DEA) is developed to assess the relative efficiency 

and productivity of U.S states in terms of occupational safety. DEA is a non-parametric, robust, 

linear programming mathematical technique that has been applied in various fields. Even though 

occupational health and safety programs ensure a safe and healthy work environment, the 

occupational injury rates have been rising sharply in recent decades for construction sector. 

Therefore, there is an immediate need to assess occupational safety in a critical manner. In this 

study, DEA will be utilized to assess the relative efficiency and productivity of U.S states for 

reducing the non-fatal injuries in the construction sector. A state-by-state analysis and 

comparison is performed by considering the sources of injuries and the possible parts of body 

affected. Four inputs (exposures) and 3 outputs (part of body affected) will be aggregated into a 

single occupational safety score and utilized in DEA mathematical model. Constant Returns to 

Scale (CRS) and Variable Returns to Scale (VRS) principles are taken into consideration in the 

construction sector for the period of 2011. Several intervention plans are suggested for the 

inefficient states in order to improve and maintain the statewide occupational safety for the U.S 

population.     

 

Keywords: Data Envelopment Analysis (DEA), Construction Safety, Linear Programming 

 

Introduction 

 

Over recent years, occupational safety has become a prominent issue and a way of life for many 

companies and especially construction and industrial workers in the United States. Although new 

safety cultures, rules and regulations are emerging in a rapid pace, the occurrence rate for all 

recordable nonfatal injury and illness for construction workers has decreased from 13.1% in 

1992 to 5.4% in 2007 (BLS 2002)(BLS 2008). This decrease is due to standards that are 

established by the Occupational Safety and Health Administration (OSHA) and the efforts of 

owners, contractors, subcontractors and designers (Farooqui 2008). On the contrary, despite the 

importance of occupational safety, the generation of information about the costs of occupational 

injury and illness has been an issue for many years (Leigh et al. 2004). However, Leigh (2011) 

indicated that, for injuries and diseases combined, medical cost estimates were $67 billion (27% 

of the total), and indirect costs were almost $183 billion (73%). Injuries comprised 77% of the 

total, and diseases accounted for 23%. The total estimated costs were approximately $250 

billion, compared with the inflation-adjusted cost of $217 billion for 1992. Thus, the numerical 
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numbers also pointed out that there is a dire need to assess the occupational safety in a critical 

manner. Work-related injuries are the result of social and technical failures, and should be 

preventable (Sancini et al. 2012). Therefore, prevention policies and proactive actions should be 

systematically applied to a work environment that is continuously in action. This approach is 

called ‘safety culture’, and it aims to inform and educate those involved in the work activity 

about the risks and the ways to reduce those (Fernandez et al. 2007). In recent years, companies, 

researchers, practitioners have shown significant attention to the safety culture in order to 

mitigate injuries, fatalities or other incidents (Choudhry, Fang, & Mohamed 2006). The aim of 

this safety culture in a positive way is to create an environment and atmosphere in which workers 

are aware of the exposures or risks and continuously guard against them. Therefore, the 

occupational health and wellness of workers in the construction sector is significant bottom line 

for the companies. An unhealthy worker or work environment, often leads to lost productivity for 

companies, lost wages for employees and unsafe working conditions. Also, the greater cost arises 

in the long-term which can cause from wellbeing, state of mind, overall attitude of workers in 

which affect the quality of work and in turn the profitability of the company is affected (Malek et 

al. 2010).  

Therefore, it is significant and obvious that, maintaining occupational safety and health within 

the companies and especially for the construction companies onto desired level mitigates the 

risks of injuries and associated incidents. There are various input and output criteria associated 

with safety; it is difficult to objectively determine these inputs and outputs indices. Data 

Envelopment Analysis (DEA) has the advantage of allowing comprehensive assessment of how 

efficient the use of safety inputs to achieve that safety outputs (Tong and Ding 2008). DEA not 

only evaluates the efficient utilization of resources, but also evaluates the efficiency of other 

input resources and the efficiency of safety management. A DEA assessment model does not 

only evaluate and compare the safety input efficiency of the same enterprise but also indicates 

the percent improvement needed for the associated parameter (Tong and Ding 2008). By 

conducting this kind of analysis, the government, companies and decision makers can understand 

how inputs achieve better company safety and can provide suggestions for plans to enable full 

use of the limited input resources. Even though, occupational safety and health is considered as 

the major obstacle for the companies the United States and several researches have been 

conducted specifically to mitigate the risk factors to diminish fatal and non-fatal related injuries 

and incidents, to the best knowledge of author comparative assessment of prevention and 

controlling occupational safety among U.S states has not been addressed in the literature. The 

overarching goal of this study is to develop an analytical assessment tool that can be used to 

analyze and compare the U.S states in occupational safety area.  Consequently, this performance 

analysis turns into practical and effective intervention strategies to prevent injuries for the 

companies. A well-known linear programming based method, Data Envelopment Analysis 

(DEA), is utilized to assess and benchmark the occupational safety and prevention methods 

among U.S states.  The rest of the paper is as follows. In Section 2, the literature review and 

explanation about of data envelopment analysis are provided. Section 3 discusses the research 

methodology, parameter selection, data collection and analysis. The insights about the results, 

improvement analysis and research limitations are provided in Section 4. Concluding remarks, 

discussions and future directions are mentioned in section 5. 
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Data Envelopment Analysis (DEA) 

DEA is a non-parametric, linear programming mathematical technique developed by Charnes 

Cooper and Rhodes (CCR) in 1978. Various studies have been done in the system safety and 

occupational health and safety area. Beriha et al. (2011) presented a performance analysis of 

occupational health and safety (OHS) in three different industrial categories such as construction, 

refractory, and steel in India using data envelopment analysis (DEA). This study addressed 

directly management’s need for consistent benchmarking, target setting and designing focused 

on-site work environment in an attempt to identify and transfer best practices. Shu Wang (2011), 

developed data envelopment analysis (DEA) model to evaluate the coalmine safety input-output 

efficiency and analyze the influence of the safety input factors on the safety output efficiency, 

such as the quantity, the structure, the time point. Moreover, El-Masaleh et al. (2010) utilized 

data envelopment analysis (DEA) to benchmark safety performance of construction contractors. 

In the DEA model, the objective is to measure how efficiently the organizational units produce 

the outputs from inputs. In this case, the organizational unit is called as decision making unit 

(DMU), which is the subject of comparison. Hospitals, banks branches, manufacturing plants, 

countries, universities, and states can be given as an example of DMU. The efficiency or 

performance of a DMU is often defined as the ratio of total outputs to total inputs (Ramanathan 

2003). There would be easy if there is only one output and one input. However, the problem gets 

complicated when we have multiple inputs and also outputs. DEA is a very flexible technique 

that uses non-parametric mathematical modeling approach for overcoming this difficulty. It also 

provides flexibility to evaluate relative DMU efficiency for any type of problem studied. The 

purpose of all DMU’s is to provide maximum possible amount of output from the inputs. In a 

perfect world, all DMUs are expected to be 100 % efficient. However in reality, inefficient 

DMUs (less than 100%) always exist. 

While DEA is using linear programming procedure for measuring relative efficiency in situation 

when there are multiple inputs and outputs, DEA uses economies of scale principles while 

evaluating the efficiencies of DMUs. Mainly, constant returns to scale (CRS) and variable 

returns to scale (VRS) assumptions are employed. CRS indicates the fact that output will change 

by the same proportion as inputs are changed.  However, VRS does not assume the proportional 

change as the same, the change may increase, decrease or even constant (Charnes et al.1978).  

 

Charnes-Cooper-Rhodes (CCR) Model 

 

Charnes et al. (1978) developed a multi-output/multi-input linear programming case and this 

formulation is called as Charnes- Cooper-Rhodes (CCR) model in the literature. There are two 

types of CCR models, these are; input oriented CCR and output oriented CCR.  

Input Oriented CCR Model  

In the input-oriented model, the objective is to minimize the inputs used by DMU based on 

keeping outputs as constant. The DMUs with the minimum input and maximum output are 

identified as efficient and the rest are classified as inefficient. In this model, inputs are the drivers 

of efficiency evaluation. The mathematical formulation of input oriented CCR model is given 

below: 

Objective Function: 
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where    is the input multiplier,    is the output multiplier, o is the DMU which is being 

evaluated, s represents the number of outputs, m represents the number of inputs, j is the number 

of decision making units.     is the amount of output r produced by DMU j, and     is the 

amount of input r used by DMU j. The objective (z) is to minimize the total weighted input for 

each DMU in Equation 1. Equation 2 guarantees that the total weighted sum of outputs is equal 

to 1. Equation 3 guarantees that, the calculated relative efficiency of DMU varies between 0 and 

1. Equation 4 assures that the weights of the output and input measures are greater than or equal 

to 0. 

 

Output Oriented CCR Model  
The output oriented model is defined as the level by which the outputs produced by a DMU can 

be increased without changing the level of inputs that are used by such DMU. The model is 

illustrated below:  

Objective Function: 
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where    is the output multiplier,    is the input multiplier, o is the DMU which is being 

evaluated, s represents the number of outputs, m represents the number of inputs, j is the number 

of decision making units,     is the amount of output r produced by DMU j, and     is the 
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amount of input r used by DMU j. The objective function z is the weighted sum of outputs for 

the DMU under evaluation in Equation 5. Equation 6 guarantees that the total weighted sum of 

inputs is equal to 1. Equation 7 guarantees that the total weighted output is greater than or equal 

to total weighted input. Equation 8 assures that the weights of the output and input measures are 

greater than or equal to 0. 

 

Model Validation 

According to Dyson RG (2001), suggested a rule of thumb to achieve a reasonable level of 

discrimination is that the number of DMUs should be at least 2*m*t where m*t is the product of 

the number of inputs and number of outputs, respectively.  

                        {     }                                                                               ( )  

Research Methodology 

The research methodology consists of four sections; identification of parameters to be used in 

efficiency evaluation, model development, data collection and experimentation. 

Identification of parameters 

Controlling risks in a comprehensive way with the organization’s operations has become 

increasingly important in recent years, since it does not only reduces accident rates but can also 

improve the firm’s productivity and economic and financial results. Suitable working conditions 

provide many benefits, and the beneficiaries are both direct and indirect. The direct benefits are 

the workers themselves, since they are the most affected by accidents, but also the firm, because 

it avoids losses and improves its profitability (O’Toole 2002).  Also, firms and more specifically 

the managers are considered as the key actors in safety improvements, since they have the 

capacity to make decisions to invest in safety prevention or not. Thus, much of the information 

about costs and benefits and economic incentives focuses on the organization (Mossink 2002). 

So, the safety management system is able to diminish not only personal injuries and harm to 

workers’ health, but also material damage. Consequently, satisfactory safety management 

reduces down time and labor absenteeism and improves workers’ satisfaction and motivation. 

Similarly, by reducing the number of interruptions in the productive process, this enterprise 

management system can improve efficiency, productivity and the quality of the products, thereby 

affecting customers’ satisfaction and the firm’s reputation and in turn profitability (Sorensen 

2002). Therefore, both input and output parameters are selected based on prevention or proactive 

action related parameters in order to reduce injuries in the part of the body in which cut down 

labor absenteeism and improves workers’ satisfaction and motivation in turn increase company 

productivity in the construction sector. 

Prior to model development, the parameters that are associated with the problem are specified. In 

a typical DEA model, these parameters are; (1) DMUs, (2) Inputs, and (3) Outputs. 

Decision Making Units (DMUs) 

Each U.S state is considered as a DMU. 43 U.S. states (including Washington D.C) are 

considered as the scope of analysis. Guam, Virgin Islands, Florida, Idaho, Mississippi, New 

Hampshire, North Dakota, South Dakota, Ohio, are not considered in the analysis due to 

unavailable data in the Bureau Labor of Statistics.  
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Input & Output Measures 

 

Mainly, four input performance measures are considered in this study. These are mainly the 

events or exposures in the construction sector. These are; transportation incidents, falls slips 

trips, exposure to harmful substances and contact with object and equipment. The reason to 

choose these parameters is the most common and frequent exposures or events that are faced in 

the construction sector. Four output performance measures are the parts of the body that is 

affected or injured. The non-fatal injuries are considered in this study. All inputs and output 

performance measures are summarized in Table 1.   

 
Table 1: Input and Output Performance Measures 

Input Measures Output Measures 

1- Number of Transportation Incidents 1-Number of Head Injuries 

2- Number of falls, slips and trips.  2- Number of upper extremity injuries 

3- Number of exposures to harmful 

substances or environment 

3- Number of lower extremity injuries 

4- Number of contacts with equipment and 

objects.  

 

Data Collection 

Occupational Injuries/illnesses and non-fatal Injuries are studied in this paper. Data is extracted 

from the Bureau of Labor Statistics database (“http://data.bls.gov/gqt/InitialPage”). The analysis 

year is chosen as 2011 since it has the most recent available data for the parameters of the 

problem studied. The input and output data is collected for 43 U.S. states.  

Analysis 

Analysis is performed with DEAFrontier software package, which is a DEA Add-In for 

Microsoft Excel on a 2.53 GHz dual core processor computer with 4 GB ram. Since the main 

focus is to prevent and eliminate the risk factors of occupational non-fatal injuries, input-oriented 

model is used. In that type of model, the inputs are minimized for a DMU and outputs are kept 

constant. The DMUs with the minimum input and maximum output are identified as efficient 

and the rest are classified as inefficient. Also, Constant Returns to Scale (CRS) and Variable 

Returns to Scale (VRS) are experimented in the analysis of this study.  

 

Results  

In this section, efficiency scores for both CRS and VRS models, efficiency improvement 

analysis for both economies of scale models will be shown.  Finally, the sensitivity analysis will 

be illustrated. 

 

Input CRS Efficiency Score Evaluation 

 

Efficiency scores of 43 states are shown in Table 2 below. According to Table 2, 27 states are 

inefficient and 16 states are efficient. Figure 1 shows the U.S Efficiency map for CRS results. 

The percentages are denoted as efficiency scores. The efficiency score of a specific DMU can be 

100%, which means that DMU is efficient.  Also, the efficiency score of a specific DMU could 

be less than 100% which is considered as inefficient. The results indicated that, 27 out of 43 
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states (63%) are inefficient. These states are experiencing problems in applying safety 

management tools in occupational safety area. Basically, inefficient states are having problems in 

detecting, preventing and controlling the occupational injuries.  The overall illustration of U.S 

states for CRS model is depicted in Figure 1. Due to space limitation only CRS model is 

illustrated.  

 

VRS Efficiency Score Evaluation  
The CRS model assumes that, a unit change in input proportionately affects a unit change in 

output. In other words, CRS ignores the constraints in the operating environment and considers 

the DMU’s operate at an optimal scale. However, the VRS considers the constraints in the 

operating environment such as; imperfect competition, financial and human resource constraints, 

and others (Ramanathan 2003). The efficiency scores of each state in VRS model is shown in 

Table 2. 
 

    Table 2: Input-CRS and VRS Efficiency summary of U.S States 

 

 

 

 

 

 

 

 

 
Figure 1: U.S Efficiency map – Input- CRS  

CRS-Inefficient States  

Alabama  99.61% Nevada 98.97% 

92.63% 

91.99% 

95.20% 

97.87% 

96.99% 

72.74% 

98.67% 

89.07% 

88.55% 

95.89% 

94.41% 

98.76% 

27 

Alaska 88.56% New Jersey 

Arkansas 93.77% North Carolina 

Delaware 97.41% Oklahoma 

District of Columbia 90.79% Oregon 

Georgia 92.78% Pennysylvania 

Indiana 92.28% Puerto Rico 

Kentucky 93.05% South Carolina 

Louisiana 86.96% Texas 

Maryland 95.75% Utah 

Michigan 98.24% Virginia 

Minnesota 98.32% West Virginia 

Missouri 98.71% Wyoming 

Nebraska 95.97% Total inefficient 

VRS- Inefficient States  

Alaska 95.27%  

Arkansas 94.47%  

District of Columbia 98.60%  

Georgia 95.71%  

Indiana 93.14%  

Kentucky 93.62%  

Louisiana 87.77%  

Maryland 95.75%  

Nebraska 96.99%  

New Jersey 97.26%  

North Carolina 95.57%  

Oregon 98.09%  

Puerto Rico 90.79%  

South Carolina 98.72%  

Texas 97.68%  

Utah 89.68%  

Virginia 96.23%  

West Virginia 96.78%  

Total inefficient 18  
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Input-oriented CRS Model Efficiency Improvement Analysis 

After efficient states are obtained, the inefficient states should be analyzed to investigate the 

root causes for inefficiency and provide % improvements on each input to the inefficient states to 

become 100% efficient. To be able to reach the efficiency level for the inefficient states, each 

%input improvement needs to be achieved. For instance the state of Alabama, transportation 

incidents in the construction sector that cause injuries should diminish by 0.39%, also falls, slips 

trips by the same percentage of 0.39%, similarly the construction sector in the state of Alabama 

should mitigate the exposure level to harmful substances or environment by 13.56%. Last but not 

least, the contact with the object equipment in the construction sector should be minimized by 

21.26%.  The necessary precautions and protective measurements and devices should be applied 

and used in order to reduce injuries for all states. 
  

Table 3: % improvements needed for input measures for inefficient U.S. states (CRS) 

U.S States Transportation 

incidents 

Falls, 

slips 

trips 

Exposure 

to harmful 

substances  

Contact with object equipment 

Alabama -0.39% -0.39% -13.56% -21.26% 

Alaska -11.44% -11.66% -11.44% -11.44% 

Arkansas -44.28% -6.23% -50.49% -6.23% 

Delaware -2.59% -17.85% -2.59% -2.59% 

District of Columbia -9.21% -9.21% -32.38% -9.21% 

Georgia -7.22% -7.22% -26.88% -7.22% 

Indiana -16.36% -7.72% -7.72% -7.72% 

Kentucky -6.95% -6.95% -27.45% -6.95% 

Louisiana -61.22% -13.04% -13.04% -15.30% 

Maryland -33.15% -4.25% -4.25% -4.25% 

Michigan -1.76% -1.76% -1.76% -1.76% 

Minnesota -1.68% -1.68% -26.34% -1.68% 

Missouri -32.92% -1.29% -43.76% -1.29% 

Nebraska -4.03% -10.90% -58.04% -4.03% 

Nevada -28.57% -1.03% -1.03% -10.65% 

New Jersey -22.04% -7.37% -7.37% -7.37% 

North Carolina -8.01% -8.01% -22.37% -8.01% 

Oklahoma -4.80% -9.24% -41.25% -4.80% 

Oregon -2.13% -2.13% -2.13% -2.13% 

Pennysylvania -3.01% -4.45% -3.01% -3.01% 

Puerto Rico -27.26% -27.26% -52.41% -27.26% 

South Carolina -20.82% -1.33% -29.41% -1.33% 

Texas -10.93% -10.93% -17.63% -10.93% 

Utah -28.88% -11.45% -11.45% -11.45% 

Virginia -19.83% -4.11% -58.91% -6.20% 

West Virginia -5.59% -5.59% -11.03% -21.25% 

Wyoming -1.24% -1.24% -21.01% -7.59% 

U.S Averages -15.42% -7.20% -22.17% -8.26% 

 

Input-oriented VRS Model efficiency improvement Analysis 

There needs to be an improvement or intervention analysis for the VRS inefficient states. 

Necessary improvement %’s for input parameters are indicated in Table 4 below.  
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Table 4: % improvements for input measures for inefficient U.S. states (VRS) 

U.S States Transportation 

incidents 

Falls, slips 

trips 

Exposure to 

harmful substances  

Contact with object 

equipment 

Alaska -6.3% -7.2% -4.7% -4.7% 

Arkansas -25.1% -5.5% -40.3% -5.5% 

District of Columbia -26.7% -1.4% -23.6% -3.8% 

Georgia -4.3% -4.3% -7.6% -4.3% 

Indiana -6.9% -7.2% -6.9% -6.9% 

Kentucky -6.4% -6.4% -10.7% -6.4% 

Louisiana -60.1% -12.2% -12.2% -13.7% 

Maryland -33.1% -4.2% -4.2% -4.2% 

Nebraska -3.0% -9.0% -53.3% -3.0% 

New Jersey -12.8% -2.7% -2.7% -2.7% 

North Carolina -15.4% -4.4% -16.2% -4.4% 

Oregon -1.9% -1.9% -6.3% -1.9% 

Puerto Rico -9.2% -32.2% -67.2% -26.2% 

South Carolina -21.6% -1.3% -27.7% -1.3% 

Texas -28.6% -2.3% -31.4% -2.3% 

Utah -27.3% -10.3% -10.3% -10.8% 

Virginia -20.2% -3.8% -58.7% -6.1% 

West Virginia -3.2% -3.2% -3.2% -16.8% 

U.S Averages -17.3% -6.6%   -21.5% -7.0% 

 

Research Limitations 

This study focuses on relative comparison of occupational injuries and prevention methods for 

43 U.S. States. The inputs and outputs are obtained by Bureau of Labor Statistics database and 

determined by the frequency of occurrence for those particular parameters for the year of 2011 

for the construction sector. The importance probability for each input and output measure is 

equal. This study can be used to guide safety professionals to take proactive actions to enhance 

to overall occupational safety condition of construction sector in the United States.  

Conclusion & Discussions 

CRS and VRS models are used to compare efficiency of states relative to each other. The results 

indicated that, 63% of states are inefficient in CRS, 42% of states are inefficient in VRS model. 

Table 6 summarizes the main findings of the study.  

 
Table 6: Findings for improvement for both models 

CRS Model VRS Model 

 The highest number of transportation 

incidents observed in Louisiana. 

 The highest number of transportation 

incidents observed in Louisiana. 

 The highest number of falls, slips, 

strips observed in Puerto Rico.  

 The highest number of falls, slips, strips 

observed in Puerto Rico.  

 The highest number of exposure to 

harmful environment and objects 

observed in Virginia. 

 The highest number of exposure to harmful 

environment and objects observed in Puerto 

Rico. 

 The highest number of contact 

equipment observed in Puerto Rico.  

 The highest number of contact equipment 

observed in Puerto Rico.  

 

From the results, it is observed that the Puerto Rico state needs major improvement on 

exposures or events to mitigate substantial amount of body related injuries.  
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In general, effective intervention and preventive policies needs to be implemented. 

Workplace safety trainings are essential as wells as providing mechanical and physical 

safeguards wherever they are necessary. Providing employees with necessary personal protective 

equipment and train them to use and care for it properly can be considered as the key factors to 

be focused on since the highest improvement is needed for exposure to harmful substances and 

environment in the construction sector.   

Finally, experimentation with newly available data sets, using the Malmquist index for 

comparing several years to observe the trends in occupational safety & health, including other 

economic models are considered as a future work.  
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