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Abstract: The construction work environment remains one of the most hazardous among all in-
dustries. Construction injuries directly impact the workers and the work itself, including personal
suffering, construction delays, productivity losses, higher insurance premiums, and possible liability
suits for all parties involved in the project. The costs resulting from personal injuries, combined with
the associated financial impact resulting from schedule disruptions, insurance hikes, and workers’
compensation, can impact a project’s profitability. Many of these impacts can be minimized or
avoided through the continuous assessment and improvement of safety policies and practices. This
paper aims to propose a new safety assessment methodology that equips insurance companies and
construction managers with an optimal mechanism for evaluating the safety performance of construc-
tion companies. The proposed model consists of 20 evaluation criteria that are used to establish the
efficiency benchmarks and provide comparison feedback for improving the company’s safety plans
and procedures. These criteria are determined based on leading and lagging safety performance
indicators. The data envelopment analysis (DEA) technique is used as the underlying model to assess
the relative efficiency of safety practices objectively. Two illustration case studies are provided to
demonstrate the dual effectiveness of the DEA model. The presented research contributes to the
body of knowledge by formalizing a robust, effective, and consistent safety performance assessment.
The model equips the company with the ability to track both the progression and the retrogression
over time and provides feedback on ineffective practices that need more attention. Simultaneously,
the model gives them more detailed safety performance information that can replace the current
experience modification rating (EMR) approach. It provides insurance companies with an objective
and robust evaluation model for selecting optimum rates for their clients. In addition, the data
comparison utility offered by the DEA model and its criteria can be helpful for insurance companies
to provide effective advice to their clients on which safety aspects to improve in their future strategies.

Keywords: construction’s safety; safety practices; data envelopment analysis; construction manage-

ment; workers’ compensation insurance; EMR

1. Introduction

The construction industry is a major player in the nation’s economy and contributes
approximately USD 654 billion to the national gross domestic product, according to the
US Bureau of Economic Analysis [1-4]. The US construction industry employed over
7.2 million workers in 2018, making it a significant economic sector with the largest number
of professionals and workers. Although the construction industry workforce equated to
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only 5% of the United States workforce, it accounted for 20% of workplace fatalities and 12%
of the occupational injuries and illnesses, making it the single largest contributor of work-
related injuries and fatalities among all industries [2,5-15]. The US Occupational Safety
and Health Administration (OSHA) indicates that one of the most important elements of a
successful safety program is management commitment [8,16-22]. To eliminate injuries and
fatalities at construction sites, management must be fully committed to the organization’s
safety policies and procedures, and effective strategies need to be employed to identify and
assess hazards [22-25]. To assist safety management in this regard, OSHA categorizes safety
performance indicators (including safety policies and procedures) into leading and lagging
groups. Leading indicators are proactive and predictive measures that provide construction
companies with mechanisms for continuously improving the effectiveness of their safety
strategies and programs. On the other hand, lagging indicators give information on past
incidents, such as the number of injuries and rate of fatalities. Leading indicators allow
management to take preventive actions against hazards before incidents occur. In contrast,
lagging indicators alert managers to the existence of these hazards [3,26]. Therefore, OSHA
encourages construction companies to consider leading and lagging indicators when
creating safety strategies and programs that drive change and measure effectiveness [22].

Not only do injuries and fatalities affect the employees’ quality of life, but they also
have direct and indirect impacts on the organizations themselves in many aspects such
as productivity reduction, the possibility of lawsuits, owner’s loss of revenues, and the
reduction of workforce morale [27]. Taking preventative measures and actions to reduce the
number of injuries and fatalities can happen only if construction managers frequently eval-
uate the safety performance of their companies and identify the causes of accidents [6,28].
Ineffective safety practices negatively impact workers” compensation insurance premi-
ums [29]. Several studies identified the management’s commitment to safety as one of the
most effective means to ensure a high level of safety. Construction managers should demon-
strate a record of safety excellence and demand that design professionals address worker
safety in the project. Additionally, they can mandate the inclusion of safety requirements in
the standards and policies. Notably, assessment of safety performance is a major strategy
that management can implement to improve construction safety and project performance
outcomes in terms of quality, cost, and schedule. In addition, estimating workers’ compen-
sation insurance premiums for construction projects needs a comprehensive assessment
of safety performance and accident risks. However, this is accomplished through the
experience modification rating (EMR) for each construction company. Despite criticism by
many researchers, EMR remains the primary approach used by insurance companies for
estimating workers” compensation premiums [30-35]. Meanwhile, many research efforts
have focused on safety performance assessment. However, they have limitations, such
as (1) exclusivity on certain types of projects; (2) not going beyond specific case studies;
(3) characteristics such as subjectivity, complexity, cost, and being time-consuming; and
(4) working with a particular constraint, such as the availability of more than one company,
to perform a comparison.

Hence, an innovative model is introduced in this research to equip insurance compa-
nies with a mechanism to evaluate the safety performance of their construction clients. The
proposed model is built using the data envelopment analysis (DEA) technique to produce
efficiency scores that describe the safety performance of the construction company. The
model will also provide managers the ability to evaluate the company’s safety performance
and procedures over the years to allow for continuous improvement actions as well as to
address some of the limitations identified above.

2. Literature Review

The assessment of the safety performance of organizations includes many criteria, and
two of the most common factors are EMR and OSHA's total recordable incidence rates.
EMR uses the company’s previous experience in predicting future performance [34]. It is
usually employed to estimate the premium for the contractor’s workers” compensation
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insurance (WCI) based on the contractor’s past claims [32]. The WCI standard premium is
calculated as a function of the EMR, the manual rate, and the number of payroll units. The
basic formula of calculating the standard premium is as follows:

Standard Premium = MR x PU x EMR 1)

where MR is a manual rate value identified each year by a rating bureau or insurance
carrier, PU is the payroll units determined by dividing an employer’s straight-time direct
labor costs by USD 100, and MR denotes the experience modification rating factor that is
based on the past safety record of the company.

Manual rates are assigned based on the idea that each type of work has a predictable
loss frequency [32]. Hence, the manual rate is determined each year by a state rating
bureau or insurance carriers based on the claims reported in each state. As a result, when
the company’s EMR is less than one, the employer pays less than the manual rate. Since
the manual rate and the payroll units do not describe the owner’s losses, EMR is used
to indicate the owner’s experience in the premium calculation. EMR calculation differs
from one state to another. Most states depend on the National Council on Compensation
Insurance (NCCI), while the rest have their own calculating agencies [33]. Generally, the
primary method of calculating the EMR is to compare (divide) the owner’s actual losses
to (by) its expected losses, with adjustments for the company size and the frequency and
severity of injuries [34]. The actual losses represent the accidents that led to compensation
claims by workers, whereas the expected losses depend on the work classification and its
past claims experience [33]. Consequently, companies with excellent safety records pay less
for workers’ compensation insurance than those with poor performance [34]. Nevertheless,
the EMR method was criticized for many reasons. First, the EMR is considered a lagging
indicator, as it uses data from the past three full years. Khalafallah [3] stated that “EMR
is calculated based on the average running scores of previous years. Accordingly, this indicator is
not a leading indicator because it does not consider or depict current contractor performance”. In
addition, it depends on a worker’s classifications instead of on their job tasks. Some tasks in
the same classification may be perceived as lower-risk [33]. Second, the EMR value can be
manipulated by changing the payroll of workers or misreporting the work classifications.
It was criticized as being complex and unfair [34]. In addition, Hinze [35] criticized the
method, as the firm size directly affects the EMR value. The EMR value decreases when
the company size increases, and contractors who pay more will have lower EMRs. Their
study evaluated the EMR value for several firms by changing one variable while holding
the rest constant. They observed that when a firm paid higher hourly wages, it had a lower
EMR. Furthermore, when the total annual labor cost was high, the resulting EMR value
was lower. Additionally, there are various formulas for calculating EMR, and the use of this
single indicator can be misleading [3]. The EMR is based on the past safety record of the
company, resulting in lower premiums for those companies with good safety histories [34].

The total recordable incidence rate (TRIR) is a standard safety formula created by
OSHA to rate the safety of organizations, where a lower TRIR is considered better. In
OSHA recordable incidence rates, employers have to report the details of accidents and
other information, including the number of injuries and illnesses with and without lost
workdays, number of injuries and illnesses involving restricted workdays, number of
fatalities, and number of hours worked. The formula for calculating the TRIR is as follows:

NI x 200,000

TRIR =
NHW

@)
where NI represents the number of incidents that need some medical treatment and are
considered OSHA recordable injuries and NHW represents the firm’s total number of hours
worked in a year.

The 200,000 h in the formula represent the equivalent of 100 employees working 40 h
per week 50 weeks per year, which is the standard base of the incidence rates [36]. Given
this, management can compute the incidence rate over the years and evaluate the com-
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pany’s safety performance. However, judging the safety performance of an organization
cannot only be limited to the number of accidents and hours worked. Furthermore, when
using OSHA TRIR, management may not keep records of all incidents that occurred to
keep the rate in a certain range, which violates OSHA requirements and can result in
penalties [33]. In addition, this method does not readily provide management (or users)
with specific shortcomings in safety practices, since it only depends on reporting the aggre-
gate number of injuries and hours worked. Additionally, Khalafallah [3] asserted that this
method depends on lagging indicators for past performance and cannot reflect current or
future performance. Moreover, it has multiple definitions and indices used for calculation,
such as the recordable incident rate, severity rate, and lost time case rate. El-Mashaleh [31]
proposed a methodology that utilizes the DEA to evaluate the safety performance of con-
tractors. The model calculates the relative efficiency of each contractor based on their
safety expenditures as a percentage of the total revenues and the number of accidents after
classifying them into five categories. The contractor with the highest efficiency has the
lowest number of accidents or the lowest safety expenditures as a percentage of the total
revenues, or both. While the model used in the research is robust, it only studies the effect
of the safety expenses on the number of accidents. It does not cover the numerous other
criteria that directly affect the safety performance. In addition, this model does not identify
ineffective practices that should be enhanced.

Awolusi [16] suggested an approach to evaluate the safety performance during the
construction phase. The framework produced a tool by which the safety activities on
construction sites are collected and analyzed to measure the safety performance. The
methodology starts with identifying activity categories, including safe behavior and condi-
tions, unsafe behavior, and unsafe conditions. An observation of the site is conducted by
high-resolution cameras to take snapshots or live videos after making a checklist of activi-
ties that reflect the mentioned categories. For example, one of the activities in the checklist
may be workers not wearing a hard hat, which goes under the unsafe behavior category.
This observation by trained safety representatives is meant to monitor the behaviors and
conditions of the workers at the construction site. With this observation, the number of
safe behaviors and conditions along with the number of unsafe behaviors and conditions
are recorded. After that, the safety index, which is the percentage of safe behaviors and
conditions, is calculated along with the other percentages of the remaining categories. The
results are presented in the form of frequencies or probabilities (P). The formulas for these
percentages are as follows:

NSBC

P (safe behavior and condition) = NGO (©)]
. NUB

P (unsafe behavior) = TNB 4)
o NUC

P (unsafe condition) = TNO ()

where NSBC represents the number of safe behavior and conditions, TNO denotes the total
number of observations, NUB represents the number of unsafe behaviors, TNB is the total
number of observations, and NUC denotes the number of unsafe conditions.

This safety index represents the overall safety performance of the construction site.
Corrective actions from the observation are introduced, and a follow-up observation is
conducted with an updated checklist to obtain performance feedback. The approach is well
organized and provides insights to management on the unsafe behaviors and conditions
to be corrected. However, the process is time-consuming and requires significant effort to
evaluate each activity performed as safe or unsafe for the overall duration of many projects.
In addition, some level of subjectivity might occur in the data collection process.

Khalafallah [3] developed a computerized platform for evaluating contractor safety
performance that incorporated leading and lagging parameters. However, his study is
limited to the building industry sector (not including other construction types such as



Buildings 2021, 11, 434

50f18

heavy construction and civil infrastructure) and the Middle East region. Additionally,
operating such a platform is considered costly since it will typically include the hardware
and software costs and the cost of labor required to collect and record contractor data.
In addition, Al-Saffar [4] developed a decision-making tool for evaluating construction
contractors based on their safety performance. The decision equation proposed in his
study depends on the survey and ranking of the indicator by experts. However, this
decision mainly relies on a subjective opinion. Additionally, the experts were recruited
from safety committees and safety professionals who might be biased toward safety over
other essential criteria, such as cost and quality. Moreover, the study was mainly based on
inputs from safety experts in the United States. Thus, the results may not be applicable in
different countries.

Additionally, Liu [26] identified safety prequalification criteria without quantifying
the criteria or developing a tool that could be used in the evaluation process. Karakhan [37]
proposed a decision-making framework to evaluate the safety maturity of construction
contractors. The result of this evaluation is only limited to the selected case study example
and cannot be generalized beyond his case study. In addition, this method is not applicable
if there is only a single alternative. Therefore, management cannot evaluate their company
performance using this method. Liu [38] proposed a composite safety assessment based
on on-site conditions to facilitate proactive construction safety management. The data
used in this research was only collected from safety inspection reports of seven residential
projects in China. Therefore, this study cannot be generalized beyond his case study.
Additionally, it is limited to the quantitative evaluation of dynamic safety performance for
on-site construction management. This study could not be adapted for overall construction
management, since many critical management factors, such as safety planning, safety costs,
and education training, were not considered. Finally, Gunduz [39] formulated a safety
performance index of construction sites based on a multidimensional safety performance
model. A full-fledged model has been proposed, but it is challenging and time-consuming.
Therefore, a relatively short model as an alternative to the full model has been proposed.
However, user manuals explaining how to evaluate observed variables are needed to use
this model. Additionally, the model needs more data to assess the performance of the short
model and determine whether it can be used to replace the full-fledged model.

Regardless of the limitations found in some of the current approaches, they are still
useful for evaluating safety performance. However, new methods are required to provide a
robust and optimal mechanism to assess safety performance. In particular, the new methods
should incorporate all the critical safety performance leading and lagging indicators for all
types of construction industries. These methods could eliminate subjectivity and provide
feedback on ineffective practices that need more attention.

3. Research Goals and Methodology

The presented research aims to develop a framework that assists insurance companies
in estimating premiums for their clients based on their safety performance. As a secondary
goal, the framework will also provide construction managers with a continuous safety
improvement mechanism by establishing efficiency benchmarks and data comparisons
for optimizing their companies’ safety programs. To achieve the goals of this study, a
structured content review and analysis of the relevant construction safety literature as well
as a linear programing modeling methodology (i.e., the DEA model) are accomplished as
described below.

3.1. Criteria Selection through a Comprehensive Literature Analysis

In the data collection process, a literature review of related construction safety pub-
lications was conducted. The main goal was to identify the comprehensive criteria that
affect the safety commitment. In some of the literature, the criteria were clearly delineated
and extracted, while in others, the criteria had to be inferred from the research objectives
and results.
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For example, Khalafallah [3] stated clearly that safety performance indicators include
management commitment, accident investigation, personal protective equipment, fire
safety tools and equipment, and general site safety and environment controls. Additionally,
Al-Saffar [4] mentioned many safety performance criteria, including management’s com-
mitment to safety, project safety planning, training, and meetings, employee involvement in
safety decision-making, recognition and reward, technology for safety management, safety
inspection, and audits, and accident documentation. Liu [26] described several safety per-
formance criteria, such as safety recognition and rewards, accident records, management
commitment, safety education and training, and safety policies and standards. There-
fore, in the current model, we considered the following criteria significant: (1) incentives,
awards, and recognition; (2) training programs and safety orientation; (3) conducting acci-
dent investigation; (4) required personal proactive equipment; (5) safety audits; (6) safety
inspection; and (7) managers or safety personnel at construction sites. An example of an
inferred criterion was proposed by Abudayyeh [27]. In this investigation of management’s
commitment to construction safety, the authors concluded that the companies with long
working hours per week (more than 50 h) had more injuries and illnesses than other com-
panies with fewer working hours. As a result, it was inferred that working hours per week
could be used as a criterion, as it addressed the concern about the health and well-being of
the employees. In addition, Vinodkumar [17] highlighted the need for workforce safety
training and stated that it was the most important finding of their study. Given this, safety
training was concluded to be a vital evaluation criterion. Furthermore, it is worth noting
that not all inferred attributes were selected as safety criteria. Many criteria were repeated
in more than one research work, which indicated that they were essential and of primary
concern to management. Table 1 shows the final list of criteria, categorized into leading
and lagging indicators based on OSHA's definitions [4,13,17,23,24,26,36,38—-40].

Table 1. A list of safety performance criteria.

books/manuals

Inputs Inputs
Number Criteria Method of (I)/Outputs TyPe of Number Criteria Method of (I)/Outputs TyPe of
Measurement (©) Indicator Measurement (©) Indicator
Number of fatal Conducting
1 Fatalities accidents In the In lagging 12 accident Yes/No o9 lagging
past 1 year investigations
Requiring
2 Working hours Number of hours 12 leading 13 person'al Yes/No 010 leading
per week protective
equipment
Safety au- Number of
3 Safety budget Monetary value $ o1 leading 14 dits/inspections inspections per O11 leading
project
mar?aa ﬂztxi]lent Number of
os%tion Number of o2 leadin 15 Non-fatal non-fatal 3 lagein
P . positions & accidents accidents In the 881N
represented in
past 1 year
the company
Safety managers Posting safety
or safety Number of 03 leadin 16 signs for Yes/N 012 leadin
personnel at the personnel cadmg identifying es/No cadmg
construction sites hazards
Traini Average number Drugs and
raining alcohol
programs and ofrl;\(;urstli:)e; 04 leadin 17 consumption of Number of 013 leadin
safety orienta- constructior cadmg employees inspections cadmg
) workers and field . .
tion/refresher . during working
supervisors h
ours
First-aid trained Number of Availability of
first-aid trained O5 leading 18 hazards Yes/No 014 leading
personnel .
personnel reporting system
Safety hand- Yes/No 06 leading 19 Cost of accidents ~ Monetary value $ 14 lagging
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Table 1. Cont.
Inputs Inputs
Number Criteria MMethod of (I)/Outputs TyPe of Number Criteria Method of (I)/Outputs TyPe of
easurement ©) Indicator Measurement ©) Indicator
Incentives, Number of :
. Fines and .
10 awards and awards offered o7 leading 20 . Monetary value $ 5 lagging
L penalties
recognition each year
Number of Number or lost
11 Safe?ty meetings ?“ade o8 leading 21 Lost construction days in the past 167 lagging
committees by committees days 1year

each year

3.2. DEA Modeling for Safety Evaluation

The DEA modeling methodology is a nonparametric data-oriented methodology that
helps in the performance evaluation of comparable units [41]. The relative efficiency scores
(from O to 1) in DEA are calculated to make selection decisions [42-46]. Several research
efforts successfully demonstrated its application in the construction industry [31,42,47].

The DEA methodology is based on the linear programming technique where multiple
criteria can be used to make a comparison. The entities under evaluation are called decision-
making units (DMUs), which may be contractors, suppliers, managers, and so forth. In
this study, the DMUs could represent the clients under evaluation or the years if the
evaluation was for the historical safety record. The variables (i.e., criteria) in Table 1 are
categorized into inputs and outputs in the DEA process to generate a performance measure
(efficiency score). This methodology provides the ability to merge as many variables as
needed in the evaluation model. Additionally, there is no need for the criteria to have
the same measurement units. For example, the safety budget is in a monetary unit while
the working hours are in a time unit. The most efficient DMUs (clients or years) under
evaluation will form an envelopment surface when running the DEA model. This surface
is called the efficient frontier and has the group of the best DMUs with efficiency scores
of one [41,43,46,47]. Consequently, relative to the other clients (or years), they have the
best performance. The efficiency scores of the remaining DMUSs, namely the inefficient
ones, are calculated based on their distances from the efficient frontier [43]. To be on the
efficient frontier, a DMU must utilize fewer inputs to generate higher outputs [45]. In
our case, reducing the unsafe aspects of a project is desired to improve overall safety. No
assumptions are made for the weights of the variables (i.e., inputs and outputs) or the
underlying distribution of the data in the DEA model. Consequently, the DEA model
is regarded as nonparametric [45]. The relative efficiency of the DMUs is calculated by
generating the DEA linear programming model based on the following formulas:

s_qur x yrl

Max h1 = Ze=1" YT
> Y5, vix Xl

(6)

Yo qur X yij

= Vix Xi <lur,vi>0=1,...... ,myr=1,...,si1i=1,....m (7)

where h; is the measured efficiency for DMUj (clients or years), u, is the rth output weight
derived from the model, v; is the ith input weight derived from the model, y,; is the rth
output amount of DMUj, x;; is the ith input amount of DMUj, yy; is the rth output quantity
of DMUj, x;; is the ith input quantity used by DMUj;, DMUs is the number of outputs, and
m is the number of inputs.

The weights of the variables produced when running the DEA model are estimated
so that each DMU gets the best possible efficiency score [48,49]. Hence, the distribution
of the weights cannot be argued by the managers to be unfair or unjust as they reflect the
strength of each manager.

Based on the DEA equations, the primary function when running the model is to
maximize the efficiency score of the DMU under assessment while ensuring that all the
efficiency scores are on or below the efficient frontier by maintaining the constraint values.
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Each DMU will have an efficiency score between 0 and 1. As mentioned before, the scores
are produced based on the ability of each DMU to utilize fewer inputs to generate higher
outputs. The DMUs with a score of one are considered to be relatively the best, as they form
the envelopment surface [50]. One of the limitations of DEA is that the linear programming
model requires that the number of entities under evaluation is at least three times more
than the number of the variables (i.e., inputs and outputs) [46]. Nevertheless, this limitation
can be avoided by creating an artificial DMU with the lowest and highest outputs of the
DMUs under evaluation [51].

To generate the DEA model, each criterion must be classified as either an input or
output, as shown in Table 1. This classification is based on simple facts. For example,
suppose the reduction of the variable’s quantity increases the efficiency of the DMU
(i.e., improves the safety). In that case, this criterion is considered to be an input, such
as the number of fatalities. On the other hand, if the increase of the variable’s quantity
increases the DMU efficiency (i.e., improves the safety), then it is called an output, such
as a safety budget. Table 1 shows the identification of the evaluation criteria as inputs
or outputs and their units of measurement. All criteria with YES or NO answers were
quantified on a 1 or 0 binary scale, respectively. In the case of multiple efficiency scores,
some order statistics could be performed on the results to give a better sense of the safety
performance. One of these statistics is the quartile, which splits the scores into four even
parts [52]. This division of data was executed by ordering it from smallest to largest and
then computing the first, second, and third quartile by the known methods in the case of
an odd or even amount of data. The first quartile was a number that had 25% of the data
below it, the second quartile (the median) split the data in half, and the third quartile had
25% of the data above it. Consequently, these three numbers, along with the maximum
and the minimum of the data, provided a summary regarding the spread of scores and on
which side the data were skewed. This is useful in the case of clients” history efficiency
scores, where the quartile will be an efficient tool in comparing the distribution of safety
performance of each client over their history. Consequently, the clients with outstanding
history will have their data skewed toward higher efficiency scores.

4. Results and Discussion

The proposed DEA model enables insurance companies to identify the efficiency
scores of their clients as a fast and robust mechanism for assessing the quality of their
safety records. The management may also use the proposed model to evaluate the annual
improvements (or lack of) and effectiveness of the safety measures undertaken for their
work environments by determining the efficiency scores for the time period they choose.
The following case studies illustrate how the proposed model can be effectively adopted
by insurance and construction companies.

4.1. Case Study of Insurance Company

A case study of an insurance company is used to demonstrate how insurance compa-
nies use this model to evaluate contractors’ safety records. The insurance company wished
to track five clients’ performance over a period of 10 years. The evaluation process began by
inputting the criteria values for each year. The number of entities under evaluation should
be at least three times more than the number of variables. The artificial client “DMU”
was also created by taking the lowest inputs and the highest outputs from all 50 DMUs.
This artificial DMU maintained the discriminatory power of the DEA model, as shown in
Table 2. The efficiency scores of each company per year over 10 years were then obtained
from the DEA model, as shown in Figure 1. As shown in Figure 1A, Client 1 had a step back
in the fourth year due to many issues, including the increased number of lost construction
days, increased fines and penalties, and removing the hazard reporting system. These
changes were reflected in their efficiency score, which was 0.71. However, they overcame
this situation in the next year, as their score improved to 0.97. This represents the capability
of the client to enhance their safety performance through the years. The scores of Client 2
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showed that they were not consistent and kept having ups and downs. This fluctuation
was mainly due to their lack of effort to reduce the number of fatalities and working hours
per week.

Table 2. The 10-year criteria values of an insurance company’s clients.

Year Client Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10
Criteria
1 10 6 8 8 7 4 5 3 4 7
a 2 2 10 7 8 7 5 5 1 5 1
E 3 9 3 3 3 9 4 3 10 0 2
3 4 4 10 1 1 7 5 0 2 7 3
= 5 10 6 6 5 8 3 5 10 5 2
Artificial = 0
1 43 54 42 44 37 51 48 39 39 40
£q 2 45 52 43 46 47 36 49 53 51 51
—i ~ 3 50 41 37 42 50 43 36 44 50 36
-é :a: 4 53 50 45 39 54 36 38 48 38 44
S & 5 45 46 38 39 53 46 38 47 46 47
Artificial = 36
1 3 8 1 8 5 6 1 1 0 8
g 2 s _ 2 9 1 0 2 0 2 10 1 10 8
g5 ;f i 3 3 10 6 2 1 4 1 4 5 5 5
§, § g *5 ;2 4 2 3 7 1 0 8 9 4
;3 g g 5 0 4 10 6 5 1 4 6 9 9
Artificial = 10
1 2 1 5 2 4 1 2 0 1 2
m% g _g 2 3 4 2 4 0 5 5 4 4 2
E 2 % % g 3 1 4 3 5 5 4 3 3 3 0
E go EE = 4 3 4 3 4 5 2 4 5 4 1
- 5 4 4 3 4 5 0 5 5 5 2
Artificial = 5
1 15350 5081 13676 15866 14544 21688 21593 21367 28684 14702
B 2 8956 21453 5186 16641 28579 17248 11095 21803 27009 19260
8¢ 3 15269 18480 5105 21187 20120 29919 29123 17692 24056 8187
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Figure 1. Safety performance of insurance company’s clients: (A). Client #1, (B). Client #2, (C). Client
#13, (D). Client #4, and (E). Client #5.

However, they improved the safety procedure in the third, sixth, and ninth years,
which was clearly apparent in their scores (see Figure 1B). Figure 1C represents Client 3,
which had good safety record improvement except for the fifth and the ninth year, where a
step back was noticed. It also shows that this company always came back to the right track
after having some safety issues.

The scores of Client 4, relative to the other companies’ performances, were improved
in the first few years, jumping from 0.68 to 1 in just 2 years. Its performance continued
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to improve until the fourth year, where its efficiency score dropped from 1 to 0.92 and
then from 0.92 to 0.67 in the next year. However, their scores recovered. The fact that they
reached the lowest efficiency score compared with the other companies and then managed
to come back proves that they developed their safety procedures and improved their record
very well (see Figure 1D). Client 5 had good safety performance without large drops in
their efficiency scores, except for the last year. As shown in Figure 1E, the efficiency score
for the 9 years always remained above 0.8. Although the score started at 0.8 and ended
at 0.76 (in year 10), this client was the only one with a 9-year performance record above
0.8. Still, the drop in year 10 needed to be investigated to ensure that safety performance
did not continue to decline in future years. Quartile distribution was created to help the
insurance manager evaluate premium determination (see Table 3). For example, Client 1
had the highest quartiles, indicating its scores were relatively higher than the others. Client
2 had the lowest median quartile compared with the others. Client 3 had the highest third
quartile and was the only company to end the 10 years with a score of 1. The quartiles,
together with graphs, can give the insurance company an idea about each company’s safety
performance and its distribution of scores over the years. Additionally, this assessment
can provide insights into whether the company is progressing with its safety practices
and record or not taking any actions to improve its record. Consequently, the insurance
company can have the ability to alter the rates for its clients if they cannot improve their
performance or reach a certain threshold. Furthermore, a data comparison can be made
for each criterion value with the artificial one to provide the client with the adjustments
needed to improve their safety efficiency scores. It is worth noting here that these client
efficiency scores are relative to each other’s performance, which means, for example, that a
certain client is the best relative to the rest of the clients.

Table 3. Insurance company’s clients” quartiles.

Quartile Client 1 Client 2 Client 3 Client 4 Client 5
Q1 0.905 0.77 0.7825 0.75 0.8
Q2 (Median) 0.95 0.845 0.935 0.93 0.9
Q3 0.9975 0.9625 0.9975 0.97 0.95

4.2. Case Study of a Company'’s Annual Safety Assessment

The following case study is used to demonstrate how the DEA model can also be
used to evaluate a company’s annual progress with its safety measures. A company had
been facing many safety issues for the past 6 years. As described in the first case study, the
evaluation process started by inserting the criteria data in the DEA model (see Table 4).

Table 4. Criteria data for the company over 6 years.

Year Year Year
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Since this case study only discussed a period of 6 years that represented 6 DMUs
and 20 criteria, an artificial year (DMU) was added to maintain the discriminatory power
of the DEA. It was produced by taking the lowest values of the inputs and the highest
values of the outputs from all 6 years. The efficiency scores of each year are shown in
Table 5. Each year’s efficiency score was produced in comparison with the rest of the years.
Consequently, both the development and the retrogression of each year in comparison
to the rest will be presented. Moreover, the shortfalls for each criterion can be known
by comparing the criterion value with the artificial one. For example, in the third year,
the working hours per week were 45. However, the artificial DMU with the best score
had 40 working hours. Based on that, the working hours must be reduced by five to be
more efficient. This advantage will help the company’s management understand their
performance better and know whether they are proceeding in the right direction. In this
example case study, the fifth year had an improved safety record with an efficiency score of
one, which indicates that it had the best mix of safety measures and procedures relative to
all the previous years.

Furthermore, the efficiency scores increased annually, except for the fourth year,
indicating that the company was moving in the right direction but with no improvement in
the fourth year. This situation was addressed by carefully improving the safety measures,
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such as reducing the number and cost of fatal and non-fatal accidents, increasing the safety
budget, and reducing the number of working hours per week to achieve higher scores.

Table 5. Efficiency score for company A over 6 years.

Year Efficiency Score
Y1 0.48
Y2 0.74
Y3 0.8
Y4 0.8
Y5 1
Y6 1
Y Artificial 1

In this case study, the management of the company made annual changes to its safety
policies and procedures to improve its safety performance. They were able, through this
DEA model, to evaluate the progress over this 6-year period. The changes that were made
included reducing the number of working hours per week, increasing the safety budget,
and reducing the costs of accidents by conducting more comprehensive job site safety
analysis and hazard assessment.

5. Limitations

Despite the aforementioned significant contributions, some limitations on the pro-
posed methodology and applicability of the results exist. The identification of safety
performance criteria in the current study was based on the frequency of occurrence in
previous studies reported in the literature. Although indicating the awareness and possible
connection of criteria to safety performance, this frequency does not necessarily reveal the
importance of these criteria for influencing construction safety performance. In addition,
the current study did not consider input from insurance companies when the criteria were
developed. Additionally, the thresholds for developing insurance rates need comprehen-
sive analysis and input or feedback from both construction and insurance industries to
allow for developing fair and realistic rates. The proposed model also relies on a com-
prehensive database of workers and their companies, which are regularly maintained by
companies themselves or national authorities. However, for countries that do not maintain
databases of construction companies, it may take some years to collect the annual safety
data for deploying the developed model. More research and development efforts are still
needed to standardize the safety performance evaluation criteria across the construction in-
dustry and to formalize the DEA-based computation of workers’ compensation premiums
in the insurance industry.

6. Conclusions

The construction industry is more hazardous than many other industries. Conse-
quently, the safety strategies utilized by construction companies need to achieve a higher
level of safety performance. Given this, the main focus of this research project was assessing
the safety performance of construction companies by proposing a safety performance model
that consisted of 20 leading and lagging evaluation criteria gathered from a comprehensive
literature review. The DEA methodology was used as the underlying model for assessing
the relative efficiency of safety practices. Two case studies were presented to demonstrate
how the model was used to objectively evaluate the safety performance of construction
companies from the insurance company and the construction managers’ perspectives.

In the first case study, the model demonstrated the ability of the model to evaluate as
many insurance company clients as needed over a long period of time. Additionally, the
quartiles and graphs provided the insurance company with a mechanism for estimating
premiums based on each company’s safety performance. This efficiency score was simple
to obtain and considered a fair and objective indicator. Furthermore, the data comparison
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utility offered by the DEA model and its criteria can be helpful for insurance companies to
provide effective advice to their clients on which safety aspects to improve in their future
strategies. Consequently, the proposed DEA safety performance evaluation model presents
a better mechanism than the exiting EMR approach for estimating fair insurance premiums
and addressing the criticisms discussed in the EMR research literature. However, the roles
and responsibilities should be well-defined and obligatory for both the management of
construction companies and national occupational safety administration inside each state
or country (e.g., OSHA in the United States) to effectively use the proposed model. The
management of construction companies should be responsible for reporting, obtaining,
and auditing safety data from their projects. In addition, the national occupational safety
administration should be responsible for maintaining the safety database records to ensure
accurate representation for the construction companies. It should carry out audits and
inspections to ensure the validity of construction companies’ reported data.

The research effort in this project also addressed the continuous improvement of safety
performance of an individual company over its history in the second case study. It was
shown that each company could evaluate its performance year after year to be informed
about its safety progress by using the DEA model and framework. The model equips the
company with the ability to track both the progression and the retrogression over time.
Therefore, the results from this research study could help the construction industry focus
more attention on the importance of safety performance evaluation and improvement
and will provide insurance companies with an objective and robust evaluation model for
selecting the optimum rates for their clients.

The proposed DEA model does not depend on inputs from specific case studies or
projects in a certain country and does not rely on weights provided by safety experts to
weigh the criteria. Rather, it derives the weights of the different criteria directly from the
data, overcoming the subjectivity of the experts and the difficulty of achieving a consensus
about the weights of the criteria. Thus, the model is applicable for all types of construction
industries worldwide. However, more research development is still needed to standardize
the safety performance evaluation criteria across the construction industry and formalize
the DEA-based computation of workers’ compensation premiums in the insurance industry.

The DEA model proposed in this research endeavor is a significant step toward
developing a comprehensive, fair, and robust approach to safety performance evaluation.
The model establishes the efficiency benchmarks and provides comparison feedback for
improving a company’s safety plans and procedures. Additionally, it offers an effective
safety performance evaluation mechanism for workers’ compensation insurance companies
that can replace the current experience modification rating (EMR) approach. Additionally,
the data comparison utility offered by the DEA model and its criteria can be helpful for
insurance companies to provide effective advice to their clients on which safety aspects
to improve in their future strategies. Future research is required to consider input from
insurance and construction companies when fine-tuning the criteria and developing the
thresholds for insurance rates to allow for fair and realistic rates. A survey of both insurance
and construction companies could be used to develop a concise set of criteria that is
trackable by both industries. Finally, field testing to measure the effectiveness of the model
is another important future research direction.

Author Contributions: Conceptualization, M.A.-K., O.A., HL. and B.A.A; data curation, M.A.-K.,
H.O. and R.A.M.; formal analysis, M.A.-K. and R.A.M.; investigation, M.A.-K., O.A., H.O. and
H.L.; methodology, M.A.-K.,0.A.,, HL., RAM. and B.A.A ; validation, M.A.-K,, O.A. and HO,;
visualization, M.A.-K., H.L. and B.A.A_; writing—original draft, M.A.-K.; writing—review & editing,
O.A, HO, HL,, RAM,, B.A A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Buildings 2021, 11, 434 17 of 18

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hong, WK, Kim, G.; Lim, C.; Kim, S. Development of a steel-guide connection method for composite precast concrete components.
J. Civ. Eng. Manag. 2017, 23, 59-66. [CrossRef]

2. Nnaji, C.; Karakhan, A.A. Technologies for safety and health management in construction: Current use, implementation benefits
and limitations, and adoption barriers. J. Build. Eng. 2020, 29, 101212. [CrossRef]

3.  Khalafallah, A.; Kartam, N.; Razeq, R.A. Bilevel Standards-Compliant Platform for Evaluating Building Contractor Safety. J.
Constr. Eng. Manag. 2019, 145, 04019054. [CrossRef]

4. Al-Saffar, O.T. Decision-Making Tool to Select Construction Contractors Based on Safety Performance. Master’s Thesis, Oregon
State University, Corvallis, OR, USA, 2020.

5. BLS Injuries, Illnesses, and Fatalities: Survey of Occupational Injuries and Illnesses Data. 2019. Available online: https:
//data.bls.gov/gqt/RequestData (accessed on 22 June 2021).

6. Teo, E.A.L,; Ling, FY.Y. Developing a model to measure the effectiveness of safety management systems of construction sites.
Build. Environ. 2006, 41, 1584-1592. [CrossRef]

7. Ammad, S.; Alaloul, W.S.; Saad, S.; Qureshi, A.H. Personal protective equipment (PPE) usage in construction projects: A
scientometric approach. J. Build. Eng. 2020, 35, 102086. [CrossRef]

8.  Bavafa, A.; Mahdiyar, A.; Marsono, A K. Identifying and assessing the critical factors for effective implementation of safety
programs in construction projects. Saf. Sci. 2018, 106, 47-56. [CrossRef]

9.  Trinh, M.T,; Feng, Y.; Jin, X. Conceptual Model for Developing Resilient Safety Culture in the Construction Environment. J. Constr.
Eng. Manag. 2018, 144, 06018003. [CrossRef]

10. Gao, R;; Chan, A.P.C.; Utama, W.P.; Zahoor, H. Workers’ Perceptions of Safety Climate in International Construction Projects:
Effects of Nationality, Religious Belief, and Employment Mode. J. Constr. Eng. Manag. 2017, 143, 04016117. [CrossRef]

11.  Niu, M.; Leicht, RM.; Rowlinson, S. Developing Safety Climate Indicators in a Construction Working Environment. Pract. Period.
Struct. Des. Constr. 2017, 22, 04017019. [CrossRef]

12.  Schwatka, N.V,; Hecker, S.; Goldenhar, L.M. Defining and measuring safety climate: A review of the construction Industrylitera-
ture. Ann. Occup. Hyg. 2016, 60, 537-550. [CrossRef]

13.  Zhou, Z.; Goh, Y.M.; Li, Q. Overview and analysis of safety management studies in the construction industry. Saf. Sci. 2015, 72,
337-350. [CrossRef]

14.  Zhou, Q.; Fang, D.; Mohamed, S. Safety Climate Improvement: Case Study in a Chinese Construction Company. J. Constr. Eng.
Manag. 2011, 137, 86-95. [CrossRef]

15. Molenaar, K.R,; Park, ]J.-I.; Washington, S. Framework for Measuring Corporate Safety Culture and Its Impact on Construction
Safety Performance. J. Constr. Eng. Manag. 2009, 135, 488—496. [CrossRef]

16. Awolusi, I.G.; Marks, E.D. Safety Activity Analysis Framework to Evaluate Safety Performance in Construction. J. Constr. Eng.
Manag. 2017, 143, 05016022. [CrossRef]

17.  Vinodkumar, M.N.; Bhasi, M. Safety management practices and safety behaviour: Assessing the mediating role of safety
knowledge and motivation. Accid. Anal. Prev. 2010, 42, 2082-2093. [CrossRef]

18.  Choudhry, RM,; Fang, D.; Lingard, H. Measuring Safety Climate of a Construction Company. J. Constr. Eng. Manag. 2009, 135,
890-899. [CrossRef]

19. Haupt, T.C. A Study of Management Attitudes to a Performance Approach to Construction Worker Safety. J. Constr. Res. 2003, 4,
87-100. [CrossRef]

20. Flin, R.; Mearns, K.; O’Connor, P,; Bryden, R. Measuring safety climate: Identifying the common features. Saf. Sci. 2000, 34,
177-192. [CrossRef]

21. Zohar, D; Luria, G. A multilevel model of safety climate: Cross-level relationships between organization and group-level climates.
J. Appl. Psychol. 2005, 90, 616-628. [CrossRef]

22.  OSHA. Recommended Practices for Safety and Health Programs; Occupational Safety & Health Administration: Washington, DC,
USA, 2021. Available online: https:/ /www.osha.gov/safety-management (accessed on 7 May 2021).

23. Hallowell, M.R. Safety-knowledge management in American construction organizations. J. Manag. Eng. 2012, 28, 203-211.
[CrossRef]

24. Choudhry, RM,; Fang, D.; Ahmed, S.M. Safety management in construction: Best practices in Hong Kong. . Prof. Issues Eng.
Educ. Pract. 2008, 134, 20-32. [CrossRef]

25.  Mitropoulos, P.; Abdelhamid, T.S.; Howell, G.A. Systems Model of Construction Accident Causation. J. Constr. Eng. Manag. 2005,
131, 816-825. [CrossRef]

26. Liu, K.H,; Tessler, J.; Murphy, L.A.; Chang, C.C.; Dennerlein, J.T. The Gap Between Tools and Best Practice: An Analysis of Safety
Prequalification Surveys in the Construction Industry. New Solut. 2019, 28, 683-703. [CrossRef]

27. Abudayyeh, O.; Fredericks, TK.; Butt, S.E.; Shaar, A. An investigation of management’s commitment to construction safety. Int. J.

Proj. Manag. 2006, 24, 167-174. [CrossRef]


http://doi.org/10.3846/13923730.2014.975740
http://doi.org/10.1016/j.jobe.2020.101212
http://doi.org/10.1061/(ASCE)CO.1943-7862.0001686
https://data.bls.gov/gqt/RequestData
https://data.bls.gov/gqt/RequestData
http://doi.org/10.1016/j.buildenv.2005.06.005
http://doi.org/10.1016/j.jobe.2020.102086
http://doi.org/10.1016/j.ssci.2018.02.025
http://doi.org/10.1061/(ASCE)CO.1943-7862.0001522
http://doi.org/10.1061/(ASCE)CO.1943-7862.0001226
http://doi.org/10.1061/(ASCE)SC.1943-5576.0000340
http://doi.org/10.1093/annhyg/mew020
http://doi.org/10.1016/j.ssci.2014.10.006
http://doi.org/10.1061/(ASCE)CO.1943-7862.0000241
http://doi.org/10.1061/(ASCE)0733-9364(2009)135:6(488)
http://doi.org/10.1061/(ASCE)CO.1943-7862.0001265
http://doi.org/10.1016/j.aap.2010.06.021
http://doi.org/10.1061/(ASCE)CO.1943-7862.0000063
http://doi.org/10.1142/S1609945103000327
http://doi.org/10.1016/S0925-7535(00)00012-6
http://doi.org/10.1037/0021-9010.90.4.616
https://www.osha.gov/safety-management
http://doi.org/10.1061/(ASCE)ME.1943-5479.0000067
http://doi.org/10.1061/(ASCE)1052-3928(2008)134:1(20)
http://doi.org/10.1061/(ASCE)0733-9364(2005)131:7(816)
http://doi.org/10.1177/1048291118813583
http://doi.org/10.1016/j.ijproman.2005.07.005

Buildings 2021, 11, 434 18 of 18

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

Choudhry, R M.; Zahoor, H. Strengths and Weaknesses of Safety Practices to Improve Safety Performance in Construction Projects
in Pakistan. J. Prof. Issues Eng. Educ. Pract. 2016, 142, 04016011. [CrossRef]

Emerson, R.D.; Minchin, R.E.; Gruneberg, S. Workers” Compensation in Construction: Workers” Benefits under Alternative
Dispute Resolution Systems. J. Leg. Aff. Disput. Resolut. Eng. Constr. 2013, 5, 113-121. [CrossRef]

Azmi, M.A. Workers” Compensation Modeling Using Multiple Regression; North Dakota State University of Agriculture and Applied
Science: Fargo, ND, USA, 2018.

El-Mashaleh, M.S.; Rababeh, S.M.; Hyari, K.H. Utilizing data envelopment analysis to benchmark safety performance of
construction contractors. Int. J. Proj. Manag. 2010, 28, 61-67. [CrossRef]

Imriyas, K.; Low, S.P; Teo, A.L.; Chan, S.L. Premium-Rating Model for Workers” Compensation Insurance in Construction. .
Constr. Eng. Manag. 2008, 134, 601-617. [CrossRef]

Hoonakker, P; Loushine, T.; Carayon, P; Kallman, J.; Kapp, A.; Smith, M.]. The effect of safety initiatives on safety performance:
A longitudinal study. Appl. Ergon. 2005, 36, 461-469. [CrossRef]

Everett, ].G.; Thompson, W.S. Experience Modification Rating for Workers” Compensation Insurance. J. Constr. Eng. Manag. 1995,
121, 66-79. [CrossRef]

Hinze, B.J.; Piepho, N. Experience modification rating. Engineering 1995, 121, 455-458.

Jazayeri, E.; Liu, H.; Dadi, G.B. Assessing and evaluating subcontractor management safety policies. Construction Research
Congress 2018, New Orleans, LA, USA, 2—4 April 2018; pp. 251-261. [CrossRef]

Karakhan, A.A.; Rajendran, S.; Gambatese, ].; Nnaji, C. Measuring and Evaluating Safety Maturity of Construction Contractors:
Multicriteria Decision-Making Approach. J. Constr. Eng. Manag. 2018, 144, 04018054. [CrossRef]

Liu, M.; Chong, H.Y,; Liao, P.C.; Xu, L. Incorporation of hazard rectification performance for safety assessment. Int. . Occup. Saf.
Ergon. 2021, 1-14. [CrossRef]

Gunduz, M,; Talat Birgonul, M.; Ozdemir, M. Development of a safety performance index assessment tool by using a fuzzy
structural equation model for construction sites. Autom. Constr. 2018, 85, 124-134. [CrossRef]

Carvajal-Arango, D.; Vasquez-Hernédndez, A.; Botero-Botero, L.F. Assessment of subjective workplace well-being of construction
workers: A bottom-up approach. J. Build. Eng. 2021, 36, 102154. [CrossRef]

Farrell, M.]. The Measurement of Productive Efficiency. J. R. Stat. Soc. 1957, 120, 253-281. [CrossRef]

Tatari, O.; Kucukvar, M. Eco-Efficiency of Construction Materials: Data Envelopment Analysis. J. Constr. Eng. Manag. 2012, 138,
733-741. [CrossRef]

Sun, L.; Rong, J.; Yao, L. Measuring Transfer Efficiency of Urban Public Transportation Terminals by Data Envelopment Analysis.
J. Urban Plan. Dev. 2010, 136, 314-319. [CrossRef]

Grilo, A.; Jardim-Goncalves, R. Value proposition on interoperability of BIM and collaborative working environments. Autom.
Constr. 2010, 19, 522-530. [CrossRef]

Cooper, W.; Seiford, L.; Tone, K. Data Envelopment Analysis: A Comprehensive Text with Models, Applications, References and
DEA-Solver Software, 2nd ed.; Kluwer Academic Publishers: Norwell, MA, USA, 2006.

Charnes, A.; Cooper, W.W.; Rhodes, E. Measuring the efficiency of decision making units. Eur. |. Oper. Res. 1978, 2, 429-444.
[CrossRef]

Saghafi, S.; Ebrahimi, A.; Mehrdadi, N.; Nabi Bidhendy, G. Energy-Efficiency Index in Industrial Wastewater Treatment Plants
Using Data-Envelopment Analysis. J. Environ. Eng. 2020, 146, 04019112. [CrossRef]

El-Mashaleh, M.S.; Horta, I.M. Evaluating Contractors for Bonding: DEA Decision Making Model for Surety Underwriters. |.
Manag. Eng. 2016, 32, 04015020. [CrossRef]

Xin, S.; Xu, H,; Li, S.; Wang, W.; Guo, ].; Yang, W. Efficiency evaluation of a floor standing air conditioner with different installation
positions and air supply parameters applied to a large laboratory. J. Build. Eng. 2020, 32, 101701. [CrossRef]

El-Mashaleh, M.S.; Minchin, R.E. Concessionaire Selection Model Based on Data Envelopment Analysis. . Manag. Eng. 2014, 30,
04014013. [CrossRef]

Sowlati, T.; Paradi, ].C. Establishing the “practical frontier” in data envelopment analysis. Omega 2004, 32, 261-272. [CrossRef]
Aldous, D.J. Descriptive Statistics; Magnum Publishing LLC: New York, NY, USA, 2016; ISBN 978-1682501054.


http://doi.org/10.1061/(ASCE)EI.1943-5541.0000292
http://doi.org/10.1061/(ASCE)LA.1943-4170.0000116
http://doi.org/10.1016/j.ijproman.2009.04.002
http://doi.org/10.1061/(ASCE)0733-9364(2008)134:8(601)
http://doi.org/10.1016/j.apergo.2004.07.006
http://doi.org/10.1061/(ASCE)0733-9364(1995)121:1(66)
http://doi.org/10.1061/9780784481288.025
http://doi.org/10.1061/(ASCE)CO.1943-7862.0001503
http://doi.org/10.1080/10803548.2021.1882165
http://doi.org/10.1016/j.autcon.2017.10.012
http://doi.org/10.1016/j.jobe.2021.102154
http://doi.org/10.2307/2343100
http://doi.org/10.1061/(ASCE)CO.1943-7862.0000484
http://doi.org/10.1061/(ASCE)UP.1943-5444.0000028
http://doi.org/10.1016/j.autcon.2009.11.003
http://doi.org/10.1016/0377-2217(78)90138-8
http://doi.org/10.1061/(ASCE)EE.1943-7870.0001639
http://doi.org/10.1061/(ASCE)ME.1943-5479.0000382
http://doi.org/10.1016/j.jobe.2020.101701
http://doi.org/10.1061/(ASCE)ME.1943-5479.0000262
http://doi.org/10.1016/j.omega.2003.11.005

	Introduction 
	Literature Review 
	Research Goals and Methodology 
	Criteria Selection through a Comprehensive Literature Analysis 
	DEA Modeling for Safety Evaluation 

	Results and Discussion 
	Case Study of Insurance Company 
	Case Study of a Company’s Annual Safety Assessment 

	Limitations 
	Conclusions 
	References

