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Abstract: The construction sector constitutes a significant indicator of a country’s economic growth.
Construction equipment is an integral part of every construction project, and its contribution during
construction determines any project’s completion. It also represents a significant capital investment for
companies in this sector. A major strategic goal for such companies is the increase in the equipment’s
productivity, which is affected mostly by its operators. The aim of this research is to recognize and
prioritize the criteria affecting the performance of construction equipment operators. Scientometric
analysis, using VOSViewer software, was implemented for the formation of different kinds of
bibliometric networks, proposing a holistic approach to this research field. Those networks delineated
the field with regard to construction equipment operators and revealed the correlations between
the network’s items, which were formed because of previous research, and finally, conclusions were
drawn. An extensive literature review in conjunction with structured interviews with experts and
operators determined the factors affecting the operators” performance, with a view to creating a
hybrid decision model based on the Analytical Hierarchy Process (AHP), as implemented by the
Transparent Choice tool. Many experts evaluated the criteria affecting the operators’ performance,
leading to remarkable conclusions. Moreover, a few pointers for future research are provided.

Keywords: construction equipment; analytic hierarchy process (AHP); scientometric analysis; pro-
ductivity; operator

1. Introduction

Construction projects are currently prevailing in every aspect of human life, with
the goal of improving the quality of people’s lives. As clearly is defined in the European
Commission (2012) Road Transport Report, their standards are strictly specified so that
they will eventually correspond to the demanding reality. Their successful completion
relies on successful project management, which must strongly emphasize the efficient
utilization of labor, material, and equipment in order to deliver a successful project on time,
within the budget, and as per the defined quality standards [1]. Under this framework, the
productivity of construction projects was always an issue worth examining [2,3]. Produc-
tivity is used to denote a relationship between output and its associated input used in the
production system [2]. It depends on a variety of factors, such as construction equipment,
which represents a significant capital investment for companies in this sector [3]. Efforts to
improve productivity have been made in recent decades, focusing on the most influential
factors.

A project’s productivity is directly affected by fleet management, which concerns the
selection of suitable construction equipment for each task according to its requirements [4].
The fleet and asset management function is responsible for strategic decisions regarding
fleet composition, fleet average age, capital expenditure, finance, tax, and return on invest-
ment. It uses the data developed in other functions, interfaces with the company strategic
planning process, and develops the rates, estimates, budgets, benchmarks, and standards
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needed to manage the whole process [4]. Nowadays, construction companies are facing
multiple difficulties with how to properly and effectively manage their fleet of construction
equipment. Fleet management is a feature that allows companies to avoid or minimize the
risks associated with investing in equipment, efficiency, productivity, overall transportation
costs, and impartial compliance in legislation [5]. On the other hand, low productivity
means inefficiency of resources with the inevitable results of cost and time overruns [6,7].

Previous research on construction project productivity primarily focused on the effi-
ciency of construction project delivery and focused on tangible input-output schema within
the construction process [8]. Liberda et al. [9] managed to identify the most critical aspects
in terms of human, external, and management issues that affect construction productivity.
Ghoddousi and Hosseini [10] conducted a survey of the factors affecting the productivity
of construction projects in Iran and concluded that the most important grounds affecting
sub-contractor productivity include, in descending order: materials/tools, construction
technology and method, planning, supervision system, reworks, weather, and jobsite condi-
tion. Hasan et al. [11] identified more than 46 articles from different sources concerning the
factors affecting construction productivity within the last 30 years. They finally concluded
that despite noticeable differences in the socio-economic conditions across both developed
and developing countries, an overall reasonable consensus exists on a few of the significant
factors impeding productivity.

As Hedman et al. [12] certify, the equipment operators are a crucial factor influenc-
ing the duration of the time loss, which refers to planned downtime, setup time, mea-
surement and adjustment, equipment failure, etc. This perspective is strengthened by
He et al. [13]; they studied a construction project’s resilience (CPR) by measuring specific
systemic indicators from the perspective of employee behavior, such as operators.

Moreover, the construction equipment operators’ performance is related to their safety
preconditions during earthwork, which rely upon the synergy of the work and their
interactions with each other and with their supervisors [14].

The basis of this study is set on the criteria affecting the construction equipment
operators’ performance. Skills and aptitude are also significant factors that are considered
to be critical for the performance of earthmoving equipment operators, but they co-exist
with more quantitative factors, which are examined in this study. Several studies have
highlighted the relationship between aptitude and employee performance. Aptitude is the
potential to demonstrate the ability to perform a certain kind of work at a certain level [15].
This research contributes to the body of knowledge by combining those two abilities with
other, still untapped, factors. It is agreed that the operators” performance is a mixture
of tangible and intangible factors. It is described as their ability to complete their work,
fulfilling certain standards, based on the goals or objectives set by their employers [12,13].

In an effort to highlight the effect of the power of equipment operators on the con-
struction project productivity, this study dives deep into the human factors to extract the
tangible (or subjective) and intangible (or objective) criteria related to the construction
equipment operators’ performance in the field. The definition of worker productivity is
widely examined. Tangen [16] examined the ways in which the concepts of “productivity”
and “performance” are dealt with in the literature, demonstrating that the terms used
within these fields are often vaguely defined and poorly understood.

However, performance entails more. It includes their willingness and ability to com-
municate or collaborate, their promptness, and their demeanor at work. Consequently,
the abovementioned factors have a significant impact on the overall performance of the
construction project. The expectations and standards set by their supervisors can shape the
operators’ experience, can affect performance, and can certainly have an impact on their
productivity and, ultimately, the project’s success. In a nutshell, productivity concentrates
on the output, i.e., what is produced, whereas performance is often activity-based and is
quantitative or qualitative [17]. Maqgsoom et al. [17] realized through their research that
worker productivity is critical within construction projects as it is the measure of the rate
at which work is performed, and more importantly, it helps to build knowledge on how
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to motivate the workers to perform at high levels. Much earlier, Navon [18] measured
indirect productivity parameters and converted them into sought indicators in order to
comprehensively point out the importance of the operator’s performance to the project’s
productivity.

In order to quantify the earthmoving equipment operators’ performance factors, this
research focuses on identifying and hierarchizing those factors. The necessary data con-
cerning the performance criteria were investigated through: (i) scientometric analysis,
(ii) structured interviews with construction equipment experts, and (iii) structured in-
terviews with construction equipment operators. The findings of this research will be
beneficial for contractors, project managers, and equipment operators as they reveal the
key issues regarding the attitudes and behaviors that play an integral role in enhancing
productivity in construction projects [19].

2. Literature Review

This paper conducts a two-step literature review by adopting an interpretivist philo-
sophical approach and inductive reasoning to generate new theories on the phenomena
under investigation. In the first step, a scientometric analysis was conducted, as described
in Section 2.1, to reveal the necessity of connecting the operator’s performance with the
construction equipment’s productivity. This analysis involves the application of the “sci-
ence mapping” method, which acts as both a descriptive and a diagnostic tool for research
policy purposes, processing immense reservoirs of bibliometric data [20-24].

The second step justifies the criteria selection by looking into the relevant past studies
that were extracted by the previous step (Section 2.2). It collects a great amount of related
literature from the place where the criteria concerning operator performance are extracted
and presented in a comprehensive list. Most importantly, in this section, each selected
factor has been scrutinized, with a view to justifying every sub-criterion.

The above process is deemed as necessary in order to form a final criteria and sub-
criteria list, as key constituents for the AHP decision tree, presented in Section 3.2.

2.1. Scientometric Analysis

This study goes deep into the published literature to reveal the void regarding the
research made on the criteria that affect the construction equipment operators’ performance.
A scientometric analysis is used to objectively map the scientific knowledge on this specific
field and to identify the research themes and the corresponding challenges based on the
scientometric results, with the use of the VOSviewer application [20]. In order to create
those scientometric networks, a four-step process was followed, as described in Figure 1.

Step 1. Step 3.
X, Step 2. . Step 4.
Defining Retrieving Ass?ssm‘g Exporting O
research . articles .
: articles articles
framework relevance

Figure 1. Flowchart of map creation in VOSViewer.

In step one, the research framework is defined, with the intention of recognizing and
setting the desired goals. At this point, an initial investigation is conducted to seek the
necessary research components by separating the relevant from the irrelevant.

During step two, the articles were retrieved which were closely related to the examined
topic. Those articles were extracted by well-recognized bibliographic databases, such as
Web of Science and Scopus, covering a period from 2001 to 2021. To identify the relevant
publications, search terms were used (Table 1). Figure 2 illustrates the evolution of the
research made from 2001, where an increase from 2016 and onwards has been observed.
Step three includes a comprehensive relevance assessment of the extracted documents in
order to finalize the publications to be inserted for scientometric mapping into VOSViewer
and to comment upon the extracted maps.
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Table 1. Search Terms in Web of Science and Scopus.

Boolean Operator Terms Description
construction The term that describes the main topic and the core search
equipment rule
OR machinery Used for searching all machinery- and equipment-based
OR equipment publications, in order to exclude the irrelevant
AND operator * Term that specifies the distinctive topic, concerning
P operators
Term that specifies the distinctive topic, concerning
* 7
OR product productivity
AND AHP The applied Multi-Criteria Decision Analysis (MCDA)
method
OR Analytic * Hierarchy Used to include references for AHP as Analytic or
Process Analytical Hierarchy Process
sk
§8¥ nﬁi‘:ﬁh All the terms concerning medical, health, and

NOT pharma * pharmaceutical issues

The asterisk (*) suggests that it can be replaced by any word or phrase.
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Figure 2. Total Number of Publications Related to Operator Productivity and AHP.

The fourth step of the scientometric mapping process includes the extraction of the
selected literature in a recognized form for processing by the VOSViewer application.

Its final product is the production of a comprehensive network comprising the terms
which coexist inside the overall publications, where their linkage strength, their appear-
ances, and their relativity are visible, weighted, and clustered. Different clusters are
represented by different automatically assigned colors and each color designates a specific
research area. The terms inside each cluster are represented by circles, and their size reflects
the number of publications in which they were found. The spacing between those circles
indicates their relatedness, and their degree of relativity is indicated by the thickness of the
curved lines connecting them. The degrees of relatedness between words are indicated by
the curved lines.

This paper presents two types of visualization of terms by the VOSViewer network:
(a) text data co-occurrence among the titles and their abstracts and (b) keyword co-
occurrence. Their visualization networks are presented in Figures 3 and 4, and the produced
clusters by subject are in Tables 2 and 3, respectively.
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Figure 3. VOSViewer map based on title and abstract text data.
Table 2. Text Data Co-occurrence Clustering.
Cluster Number Main Subject Color Terms Included
1 Hierarchization methods Red 8
2 AHP Green 6
3 Equipment Dark Blue 5
4 Ore mining Light Green 5
5 Decision Making Purple 4
6 Construction Equipment Sky Blue 4
7 Industry Orange 3
8 Material Handling Pink 1
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Table 3. Keyword Co-occurrence Clustering.
Cluster Number Main Subject Color Terms Included
1 Production Red 10
2 Decision Making Green 10
3 AHP Applications Dark Blue 7
4 Industry Yellow 7
5 Maintenance Purple 6
6 Strategy and Indexes Sky Blue 4
7 Productivity Orange 3
fuzzy neasure
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algagithm
simulation
integrated@pproach knowjedge  #
layput
value
decisiwa’dng op‘tor migng v humanifactor
equipmeqiselection fuz"ehp safey effectiveness
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g W uncertainty
;’ b
ct
similarity ' pr* ¢ fart
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robgtics
availability

Figure 4. VOSViewer map based on keywords (network visualization).

2.1.1. Text Data Co-Occurrence among the Titles and Their Abstracts

In this scientometric network, “ahp” constitutes a heavily weighted subject in the
scientific community, presenting a significant proximity with the “decision making” term,
as the AHP is a specific decision-making method. A strong proximity also exists between
the ”construction equipment” and the “decision making” terms, a fact that supports the
application of the MCDA methods to a variety of the utilization aspects of construction
equipment. Nevertheless, the “operator” or “productivity” terms are absent inside the
network, while terms such as “maintenance” and “equipment selection” are orbiting and
directly linked with the main reference terms of the AHP and decision making. This
approach indicates a void in the literature with regard to the discussed topic.

Further scrutinization of the map leads to further implied conclusions:
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e The AHP is very popular among several MCDA methods with regard to the use of
equipment. The term “equipment” includes construction equipment and general
equipment (in industry, agriculture, manufacturing, etc.)

e By the way that the term “decision making” is linked with the other terms, it is related
to issues such as maintenance, design, equipment selection, material handling, quality
control, etc.

e  The absence of the terms “production”, “productivity”, and “operator” can be ex-
plained by the fact that these terms are not defining the titles and the abstracts of the
selected publications, which does not necessarily mean that they do not exist inside
the rest of these documents.

e  The fact that the last four clusters have fewer terms highlights the void inside the
literature when it comes to relating construction equipment productivity with decision
making in the industry sector and in material handling.

2.1.2. Keyword Co-Occurrence

The analysis based on keywords indicates that the network delineates a strong link
between the terms “decision making”, “equipment selection”, and “mcdm” by including
them in the same cluster, indicating that methods such as the AHP are often used for
decision making. The terms “operator”, “simulation”, “decision attribute”, and “fuzzy
ahp” belong to the same cluster, indicating a sort of correlation. There is also a noticeable
proximity between the terms “decision making” and “operator”, indicating their strong
linkage, even though they do not belong to the same cluster. The term “operator” is also
close to “safety”, “reliability”, “knowledge”, and “experience”, which are significant factors
affecting factors the operator’s performance.

Some further implied conclusions from the network visualization analysis are the

following:

e  The average linkage weight (denser network) among the keywords is much stronger
than among the titles and the text data of the abstracts; this is caused by the fact that
the keywords are more or less used as common “de facto” terms.

e  The clustering terms (visualized by different colors), in this case, are more distinct as
their amount is greater, and they are used commonly.

e  The term “decision making” is located at a close distance to “equipment selection”
and “operator”, which clearly indicates the importance of the operator when it comes
to selecting the proper equipment for certain projects. Equipment selection includes
purchasing and fleet management.

e Additionally, the “operator” is related with “safety”, “reliability”, “knowledge”, and
“experience”, which are crucial factors for the operator’s performance and efficiency.

e  The “decision making” cluster (green) lies very close to the “production” (red) and
“AHP applications” (dark blue) clusters, indicating their strong relatedness.

e  The “productivity” cluster (orange) also includes the “human factor”, a term which
refers to the operators.

e The “industry” cluster (yellow) is the most distant; however, it includes heavily
weighted terms as the construction industry is an essential part of the general term.

2.2. Criteria Selection

According to Atkinson [25], human factors have a clear causal link with machine
productivity rates. He also concludes that the production performance of machinery is
largely reliant on the operator’s skill and competence. Construction equipment operators
are frequently called upon to handle difficult and demanding situations, which impacts their
performance. The examined literature indicates the main criteria affecting an operator’s
performance, as depicted in Table 4.
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Table 4. Criteria Sourcing.

Criterion

Source

Operator’s Competence

Knowledge/Experience

Training /Preparation

Motive/Earnings

Stress/Fatigue

Holt and Edwards, 2015 [26]
Yang, Edwards, and Love, 2004 [27]
Dumitrescu and Delsenicu, 2018 [28]
Du, Dorneich, and Steward, 2016 [29]

Langer et al., 2012 [30]

Du, Dorneich, and Steward, 2016 [29]
Naskoudakis and Petroutsatou, 2016 [31]
Dumitrescu and Delsenicu, 2018 [28]
Yang, Edwards, and Love, 2004 [27]
Holt and Edwards, 2015 [26]
Dumitrescu and Delsenicu, 2018 [28]
Yang, Edwards, and Love, 2004 [27]
Haggag and Elnahas, 2013 [32]

Relationships and Interaction

Between employees
Between employees and employer
Disagreement resolution
On-site communication

Dumitrescu and Delsenicu, 2018 [28]
Dumitrescu and Delsenicu, 2018 [28]
Dumitrescu and Delsenicu, 2018 [28]
Beleiu, Crisan, and Nistor, 2015 [33]

Construction Equipment

Use complexity
Maintenance adequacy

Fleet availability

Innovation/New technologies

Dumitrescu and Delsenicu, 2018 [28]
Yang, Edwards, and Love, 2004 [27]
Cheuk, Leung, and Tse, 2005 [34]
Naskoudakis and Petroutsatou, 2016 [31]
Naskoudakis and Petroutsatou, 2016 [31]
Bahnassi and Hammad, 2012 [35]
Lee et al., 2012 [36]
Naskoudakis and Petroutsatou, 2016 [31]
Barati and Shen, 2018 [37]
Albrektsson and Aslund, 2019 [38]

Task

Complexity
Project demands

Timetable

Daily workload

Dumitrescu and Delsenicu, 2018 [28]
Dumitrescu and Delsenicu, 2018 [28]
Naskoudakis and Petroutsatou, 2016 [31]
Dumitrescu and Delsenicu, 2018 [28]
Yang, Edwards, and Love, 2004 [27]
Haggag and Elnahas, 2013 [32]

Natural/Environmental Factors

Exposure to dust and emissions

Weather conditions

Soil properties

Safety conditions

Light conditions and noise levels

Langer et al., 2012 [30]
Naskoudakis and Petroutsatou, 2016 [31]
Dumitrescu and Delsenicu, 2018 [28]
Kokot and Ogierman, 2019 [39]

Du, Dorneich, and Steward, 2016 [29]
Dumitrescu and Delsenicu, 2018 [28]
Du, Dorneich, and Steward, 2016 [29]
Barati and Shen, 2018 [37]
Langer et al., 2012 [30]
Naskoudakis and Petroutsatou, 2016 [31]
Dumitrescu and Delsenicu, 2018 [28]
Kokot and Ogierman, 2019 [39]
Petroutsatou and Giannoulis, 2020 [40]
Bahnassi and Hammad, 2012 [35]
Naskoudakis and Petroutsatou, 2016 [31]
Dumitrescu and Delsenicu, 2018 [28]
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2.2.1. Operator’s Competence

According to Holt and Edwards [26], the operator’s competence is the operator’s
ability to effectively and efficiently apply the machine to the work task. It depends on
the knowledge/experience [26] and the preparation/training that an operator has [27].
Motives can also be an additional factor in an employee’s productivity levels; this factor is
usually linked to earnings and insurance type [28]. Finally, stress and fatigue have been
recognized by Haggag and Elnahas [32] as common conditions for operators, drastically
affecting their competence.

2.2.2. Relationships and Interactions

The risk related to the labor system may be generated by human resource errors, an
inadequate job description, dangerous equipment, improper social relationships between
employees, and/or physical/environmental factors [28]. Focusing mostly on the manufac-
turing technologies, they realized that occupational stress is being enhanced by the new
constraints which employees are now obliged to cope with and has also generated the
need for organizations to redesign the work environment in order to counteract both the
traditional and the emergent risks. According to Beleiu et al. [33], the relationships and
interactions between employees, and between employees and their employers, are critical
performance factors. In addition, the way a disagreement is resolved affects their perfor-
mance, but it also depends on how fast it is resolved. They also stressed the importance of
on-site communication as a determinant factor in the project’s success, so that its efficiency
can be supportive to construction equipment operators.

2.2.3. Construction Equipment

The research conducted by Dumitrescu and Delsenicu [28] identified that the equip-
ment’s complexity and maintenance adequacy can affect an operator’s performance. Nask-
oudakis and Petroutsatou [31] emphasized the fact that, with regard to equipment de-
velopment, new methods and designs are implemented to enhance reliability, machine
control, comfort, and safety and to reduce the costs derived from failures and breakdowns,
signifying the importance of the equipment’s innovation as an influential factor. Their
literature review also highlighted the importance of fleet management and construction
equipment deployment. According to Vorster [4], fleet management should fulfill three
overriding and critically important goals directly linked to human factors: (i) the equipment
must be in the right place at the right time, (ii) the equipment must achieve the stated levels
of reliability and uptime, and (iii) the total owning and operating costs must be kept to a
competitive minimum.

2.2.4. Task

Dumitrescu and Delsenicu [28] define the task as the complexity of activities which
are undertaken by an individual as part of a working process, the timeframe for activity
completion, the job requirements, etc. Thus, each task can affect the operator’s performance
levels. They acknowledged that natural and environmental issues appearing in the field
directly affect the operator’s performance. Machines operate in an abrasive environment,
where the operators’ security is one of the most crucial issues in the construction sector [27,32].
Designing a work environment to meet the needs of the employees and the job requirements
is a fundamental factor for enhancing productivity. Moreover, lighting conditions and noise
levels, exposure to dust and emissions, soil properties, and weather conditions, especially
in earthmoving work and road construction projects, are the main environmental factors,
with a significant impact on their productivity levels.

3. Materials and Methods
3.1. Research Process

This research adopts a seven-step approach for identifying and hierarchizing the
criteria that have the most effect on the construction equipment operator’s performance.
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The first step is to identify the relevant literature concerning the equipment operator’s
performance during a construction project. The review also focuses on investigating any
criteria referred to by previous authors. The second step is to supplement those criteria with
others mentioned by construction equipment experts and operators, through structured
on-site interviews. Several oral interviews with construction management experts and
construction equipment operators highlighted the importance of the criteria affecting the
performance of the operators. In addition, construction sites were visited, and many
interviews were gathered, leading to the consolidation of a final criteria list, as shown in
Table 4. The third step is to classify those criteria into two main categories in order to
distinguish between those which are based on personal experience and those which are
verifiable facts. The formed opinion or viewpoint helps to distinguish the objective from
the subjective criteria. Most commonly, subjective means something based on the personal
perspective or preferences of an operator, meaning the subject who is observing, and this
often implies that it comes with personal biases. In contrast, objective is the attempt to be
unbiased, and this means that it is not influenced by an individual’s personal viewpoint.

The fourth step of the process introduces the final development of the decision tree, as
shown in Figure 5. This hierarchy model is vital when it comes to utilizing the AHP for
weighting those influential criteria. It also constitutes the basis for forming a specialized
questionnaire (fifth step), which is applicable for weighting the criteria through Saaty’s
scale [41] (as described in Section 3.2). The application of the AHP (sixth step) in the current
research is reviewed in the following sections. The results coming from the AHP method
formulate the final scoring of the criteria weighting, leading to the seventh and last step of
the process. The overall process is visualized in Figure 5.

Step 1.
Literature Review

Step 2.
Identify Criteria

¥

Step 5 Step 4. Step 3.
'ep " « Decision Tree < Criteria
Questionnaires Development Classification

Step 7.

Scoring
S —

;

Figure 5. Methodology milestones.

3.2. Application of AHP

The AHP was presented by Thomas L. Saaty as a new approach to dealing with
complex economic, technological, and sociopolitical problems, which often involve a great
deal of uncertainty [42]. It is a structured technique for analyzing Multi-Criteria Decision
Analysis (MCDM) problems according to a pairwise comparison scale [41]. To deal with
complexity, our mind must model it by creating a structure and providing observations,
measurements, and judgements and hopefully, of course, rigorous analysis to study the
influences of the various factors included in the model [43,44].

The AHP is an MCDA method, used by Nassar et al. [45] to measure the relative
importance among a set of criteria, and it is suitable for this research due to its ability to
compare tangible (subjective) and intangible (objective) factors.

In this study, the Transparent Choice tool for the AHP [46] was employed as it con-
centrates all the procedure into one tool. It also incorporates a function to produce and
disseminate the questionnaires, according to the imported criteria. The operators’ perfor-
mance criteria were classified into levels and sublevels, forming the hierarchy model in
Figure 6. Even though the main function of the AHP is to guide the final decision to a
certain alternative option, this research takes advantage of the AHP’s criteria-weighting
function to hierarchize them based on their final weighting score. Based on the same
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procedure utilized by Petroutsatou et al. [47], this process leads to one alternative, which is
the best scoring criterion.

I Operator’s productivity factors in constructions ’ Level 1

Subjective Factors Objective Factors
[ I B2 \ I ]
Operator’s Relationships- Vi [ Equipment I | Task I Natural/ 5 Level 2
Competence Interaction () Environmental !
H Factors
1 Between " :
! Use Complexity E
H employees complexity —i I 1 du;tlnd L
E ED . Between Maintenance it
! Experience {—| employeesand | |: adequacy demands
employer i Weather
o Conditi ;
Edonye/ - il Fleet —| Timetable Leveld
| arnings Dlsagmemmi i availability
e A prperie
Stress/ Fatigue i | | Innovation/ Danlzl d
|| Communica- 1 New it
tion on-site i technologies Safety
H conditions
i i Light
: i —| conditions and
i ' noise levels
Weighted decision Level 4

Figure 6. AHP decision tree model.

The model was imported to the Transparent Choice AHP platform; the questionnaires
were created and distributed among the experts, who evaluated each criterion according
to the AHP’s fundamental evaluation scale. The number of evaluators who participated
was 13, with different kinds of expertise in the construction sector, as allocated in Table 5.
Special emphasis was given to the quality of the evaluators; this was based mostly on their
expertise and not on their quantity. This fact does not affect the quality of the results as the
AHP is a method with no specific statistical sample but is one that relies explicitly on the
Consistency Ratio (CR), because in making paired comparisons, just as in thinking, people
do not have the intrinsic logical ability to always be consistent [48]. Furthermore, this study
does not constitute a polling exercise, as conducted by Tsafarakis et al. [49], where they
exploited the capabilities of the AHP to investigate the preferences of individuals on public
transport innovations using the Maximum Difference Scaling method.

Table 5. Evaluators’ profile.

Expertise Quantity
1 Academia 6
2 Project Managers 2
3 Construction Equipment Operators 3
4 Construction Equipment Owners 2
Total 13

The academia group includes professors of construction equipment disciplines with a
vast experience in field engineering operations. Two experienced project managers were
selected, due to their extended field work. Their perspective is based mostly on the project’s
performance indicators, which are directly affected by the performance of the operators
they supervise. Construction equipment operators were chosen based on their experience in
operating heavy earthwork machinery. Finally, representatives of OEMs, such as Caterpillar
and JCB, were selected, representing the group of construction equipment owners.
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The questionnaires were distributed to the above evaluators with the use of the
Transparent Choice AHP Software, through its online survey application. The aggregated
AHP results are presented in Table 6.

Table 6. Transparent Choice aggregated criteria weights.

Weight
# Criteria
Local Global
1. Equipment 24% 24%
1.1 Fleet availability 37% 9%
1.2 Maintenance adequacy 42% 10%
1.3 Innovation/New technologies 12% 3%
14 Use complexity 9% 2%
2. Operator’s competence 41% 41%
21 Stress/Fatigue 15% 6%
2.2 Knowledge/Experience 52% 21%
2.3 Training/Preparation 19% 8%
2.4 Motive/Earnings 14% 6%
3. Task 15% 15%
3.1 Project demands 34% 5%
32 Daily workload 18% 3%
3.3 Complexity 14% 2%
34 Timetable 34% 5%
4. Natural/Environmental Factors 10% 10%
4.1 Exposure to dust and emissions 9% 1%
4.2 Soil properties 26% 2%
43 Weather conditions 21% 2%
44 Safety conditions 34% 3%
4.5 Light conditions and noise levels 10% 1%
5. Relationships—Interaction 11% 11%
5.1 Disagreement solution 24% 3%
5.2 Between employees 19% 2%
53 Between employees and employer 26% 3%
5.4 On-site communication on site 32% 3%

The “local” column illustrates the sub-criteria (level 3) weighting in the context of
each main (level 2) criterion. The “global” column illustrates each criterion or sub-criterion
weighting in the context of the overall decision (level 1). The rankings for each group of
evaluators are presented in Table 7.

Table 7. Transparent Choice evaluators weighting results comparison.

. Project
Academia (6) Managers (2) Operators (3) Owners (2)
# Criteria Weight Weight Weight Weight
Local Global Local Global Local Global Local Global
1. Equipment 20% 20 25% 25% 28% 28% 24% 24
1.1 Fleet availability 28% 6% 43% 11% 43% 12% 42% 10
1.2 Maintenance 48% 10% 42% 10% 40% 11% 25% 6
adequacy

13 Innovation/New 11% 2% 9% 2% 10% 3% 24% 6

technologies
14 Use complexity 12% 2% 5% 1% 6% 2% 9% 2
2. Operator’s 41% 41% 26% 26% 51% 51% 38% 38

competence
2.1 Stress/Fatigue 20% 8% 10% 3% 10% 5% 15% 6
22 Knowledge/ 44% 18% 58% 15% 61% 31% 54% 21

Experience
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Table 7. Cont.
Academia (6) Project Operators (3) Owners (2)
Managers (2) P
# Criteria Weight Weight Weight Weight
Local Global Local Global Local Global Local Global
23 Training/ 25% 10% 15% 4% 13% 7% 16% 6
Preparation
2.4 Motive/Earnings 11% 5% 18% 5% 17% 8% 16% 6
3. Task 18% 18% 24% 24% 8% 8% 11% 11
3.1 Project demands 26% 5% 24% 5% 44% 4% 48% 5
3.2 Daily workload 22% 4% 11% 3% 18% 1% 12% 1
3.3 Complexity 13% 2% 9% 2% 11% 1% 26% 3
3.4 Timetable 39% 7% 56% 14% 27% 2% 15% 2
4. . Natural/ 9% 9% 15% 15% 7% 7% 8% 8
Environmental Factors
41 Exposure to dust and 11% 1% 14% 2% 5% 0% 9% 1
emissions
42 Soil properties 27% 3% 10% 2% 40% 3% 21% 2
4.3 Weather conditions 20% 2% 18% 3% 21% 1% 24% 2
44 Safety conditions 31% 3% 47% 7% 26% 2% 37% 3
45 Light conditions and 11% 1% 10% 1% 9% 1% 9% 1
noise levels
5. Relationships— 12% 12% 11% 11% 6% 6% 18% 18
Interaction
5.1 Disagreement 23% 3% 29% 3% 30% 2% 14% 3
solution
5.2 Between 22% 3% 25% 3% 16% 1% 9% 2
employees
53 Between employeesand 3% 25% 3% 30% 2% 30% 6
employer
5.4 On-site communication 34% 4% 22% 2% 24% 1% 47% 9

An additional examination was conducted to identify each evaluator’s profile with
regard to the main criteria ranking coming from their perspective. Table 8 illustrates the
total scores for each main criterion in order to give a comparable form and to help extract
further results.

Table 8. Main criteria ranking comparison.

Natural/

. Operator’s . Relationships—
Evaluators Equipment Competence Task Envi:raoctz(r)r;:ntal Interaction
Acadgmia 20% 41% 18% 9% 12%
Mzrr?ﬁgztrs 25% 26% 24% 15% 1%
Operators 28% 51% 8% 7% 6%
wners 24% 38% 11% 8% 18%
4. Results

4.1. Cumulative Evaluation

The questionnaires were answered with a view to prioritizing the criteria affecting
the construction equipment operators” performance. Figure 7 illustrates the cumulative
results by percentage. The operator’s competence is the most influencing factor, with an
overall score of 41%, while construction equipment and task follow with a score of 24% and
15%, respectively. According to the above results, construction companies or contractors
should carefully select experienced and trained personnel in order to efficiently complete
any construction project. Investing in further training for their operators could also be an
option to leverage the overall productivity of their construction projects.
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Figure 7. Cumulative results.

Each group of evaluators presented a different perspective, resulting in a different
scoring for each criterion, as shown in Figure 8.

—
Academia ﬁi
|
Project Managers -1‘ e —
—
Operators | ——————————— |
—
Rt -—eaan
0 20 40 60

® Nature/ Environment ®mTask ™ Equipment M Relationships- Interaction M Operator's Competence

Figure 8. Criteria scoring for each group of evaluators.

The academia group presented similar results to the cumulative ones. The operator’s
competence was the most important criterion for all the groups of evaluators, with a dif-
ferent percentage in every group. The academia group and the construction equipment
operators, for example, formed similar profiles, evaluating “operator’s competence” as the
most important criteria, with a total score of 41% and 51%, respectively. Construction equip-
ment owners gave a total score of 38% for the operator’s competence, 24% for construction
equipment, and 18% for relationships—interaction. Project managers, on the other hand,
evaluated the operator’s competence with a total score of 26% and equipment and task
with a total score of 25% and 24%, respectively.

The above analysis allows the formulation of each evaluator’s different approach
when dealing with earthwork operations. The operators consider the equipment as an
extension of themselves, one which is totally dependent on their own skills and operating
attitude. Consequently, their ability to efficiently handle the equipment improves the
project’s progression and the equipment’s productivity. Thus, their competence is the
dominant factor, with a direct effect on their performance. The academia group agrees
too. The project managers score “relationships—interaction” at the lowest level among
the criteria. The equipment owners rated the equipment operator’s competence with the
highest score.
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4.2. Sub-Criteria Evaluation

According to Saaty [41], to make a decision we need to know the problem, the need
and purpose of the decision, the criteria of the decision, the sub-criteria, the stakeholders
and groups affected, and the alternative actions to take. In this study, where the AHP is
used to hierarchize the criteria by their weighting score, the sub-criteria are used to expand
the pairwise comparisons at a more in-depth level. In that way, the analysis gets to the root
of the decision-making problem and becomes more precise and understandable. Based
on Table 4, these sub-criteria comparisons are visualized and analyzed in the following
sections.

4.2.1. Equipment

Wood and Gidado [50] suggested that the definition of a complex project should
refer to the interaction, interdependencies, and interrelationships between the parts of a
project and that a great deal of complexity lies within the organizational aspects of a project.
The dynamics of innovation are based upon a wide spectrum of possibilities within the
system, including incremental innovation at one extreme and breakthrough innovation
at the other. Innovation is a process whereby the learning experience and the technology-
adoption life cycle contribute to the creative thinking behind underlying motivational forces,
whether technology- or market-driven [51]. When it comes to maintenance adequacy,
the main objective is to provide maintenance capacity (resources) to meet the random
maintenance workload, in order to achieve several objectives that include maximizing
the system availability, safety, and the utilization of limited resources [52]. The area
of asset management is gaining significance, especially in the availability contracts [53].
Maintaining a proper fleet of equipment can be of strategic importance to a company
in cases where the award of a contract is also based upon the condition and availability
of the equipment [54]. Furthermore, any unavailability of the proper equipment could
cause its overturning, causing damage to property and personnel injury or even fatality, as
Edwards [55] highlights.

According to the above literature review framework concerning equipment-related
factors that affect the operator’s productivity, the AHP analysis revealed the trends depicted
in Figure 9.

Use complexity

]

Innovation/New technologies

Maintenance adequacy

Fleet availability

0% 2% 4% 6% 8% 10% 12% 14%
Equipment Owners Project Managers M Operators M Academia

Figure 9. Equipment sub-criteria scoring.

Fleet availability and maintenance adequacy were of great interest for most of the
evaluators, and they presented similar weighting results. Specifically, equipment operators
granted 12% and 11% to fleet availability and maintenance adequacy, respectively, declaring
those two factors as the most influential ones when it comes to construction equipment.
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4.2.2. Operator’s Competence

The research suggests that personal motivation is a critical internal driving force that, if
harnessed, can significantly improve an operator’s productivity rate when working mobile
plant and machinery [56]. Edwards et al. [56] concluded that the operators’ personal moti-
vation can best be encouraged by paying attention to “personal satisfiers” and “security”
aspects, with particular emphasis being given to work flexibility and variety, a safe work
environment, and appropriate operator remuneration.

In terms of reducing fuel consumption, unit emissions and cost, Jukic and Carmichael [57]
revealed that, compared to the baseline values, trained drivers saw a reduction in their fuel
consumption by an average of 8.5 percent, reducing to 7.7 percent in the several weeks
following training.

Regarding the operator’s knowledge/experience, Edwards [58] indicated that the
more competent (a mix of qualification and experience) an excavator operator is, the more
efficiently (i.e., productively) they can employ the machine and vice versa.

Fatigue is one of the factors leading to reduction in productivity, poor quality of
work, and increased risk of accidents in construction [59]. Handling heavy construction
equipment is considered as a hazardous occupation and requires personnel to maintain
high levels of work situational awareness (WSA). In an analysis made by Sneddon et al. [60],
it was found that higher levels of stress, sleep disruption, and fatigue were significantly
associated with lower levels of WSA.

The AHP results highlighted the aforementioned factors against the operator’s compe-
tence among evaluators, as shown in Figure 10.

Motive/Earnings

Training/Preparation

Knowledge/Experience

|¥

Stress/Fatique

I

 E—
0% 5% 10% 15% 20% 25% 30% 35%
Equipment Owners Project Managers ™ Operators H Academia

Figure 10. Operator’s competence sub-criteria scoring.

The AHP weighting results point out the knowledge/experience criterion as being the
most influential on the operator’s competence, with total scores of 31% and 21% for the
operator and the equipment owner evaluation groups, respectively.

4.2.3. Task

According to Dinakar [61], a clean and efficient planning mechanism, which clearly
specifies the work and timetable to be used, can prevent delays in construction projects.
Particularly in the European Union, it is a common practice to execute most of the public
works through co-founded financial projects. Those projects are characterized by tight
budgets and strict timetables [62]. Such timetables could be stressful for the earthwork
equipment operators, causing their productivity degradation.

Wood and Gidado [50] tried to provide a greater understanding of the science of com-
plexity in construction. Their research results suggested that the definition of a complex
project should refer to the interaction, the interdependencies, and the interrelationships
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Daily workload

Project demands

Timetable

Complexity

between parts of a project and that the largest amount of complexity lies within the organi-
zational aspects of a project.

Izetbegovi¢ and Nahod [63] examined the relationship between the workload, the
time pressure, and the work productivity of a construction project. Their findings showed a
significant productivity reduction in the case of an additional workload, no matter whether
the additional work was required or was a consequence of prior poor performance.

Choi et al. [64] examined the relationship between the construction worker’s occu-
pational safety and the application of wearable devices for localization. Their research
was motivated by the increasingly demanding and hazardous construction environment.
Additionally, Barlow [65] raised concerns about the poor performance of the construction
industry, in the UK and elsewhere, caused by increasingly demanding customers and
construction project complexity.

The above factors related to the project’s tasks were weighted in relation to the construc-
tion equipment operator’s performance, and the AHP results are presented in Figure 11.

0% 2% 4% 6% 8% 10% 12% 14% 16%
Equipment Owners Project Managers M Operators M Academia
Figure 11. Task sub-criteria scoring.

The AHP results highlight the importance of the projects timetable from the project
managers and the academia perspective by giving a weighting score of 14% and 7%,
respectively. The weighting scores of the equipment owner and the operators point out
that the project’s timetable is of less importance (2% each), while their attention falls onto
the project’s demanding conditions (5% and 4%, respectively).

4.2.4. Natural /Environmental Factors

According to the World Health Organization (WHO), hearing loss is one of the top 10
most serious health problems worldwide, and noise-induced hearing loss (NIHL) is the
leading occupational disease [66,67]. Duffy et al. [68] determined the factors associated
with sun exposure behaviors among Operating Engineers (heavy equipment operators),
highlighting their high risk for skin cancer due to high rates of exposure to ultraviolet light
and low rates of sunblock use. Additionally, Eger et al. [69] highlighted the importance of
light conditions and the operator’s line of sight during construction works.

The unsafe behavior that is seen everywhere on construction sites is the biggest
challenge for further improvement of construction safety performance. Focusing on the
“human” related issues in construction safety, Fang et al. [70] reviewed the research and
practices of safety management and came up with three key elements to look at, namely
safety leadership, safety culture, and safety behavior. It is also notable that the subject of
construction safety in general is widely referred to in the global literature.
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Elazouni and Basha [71] managed to link problems with the operating construction
equipment with low productivity and noted that weather conditions are one of the main
factors that are unanticipated prior to the inception of the work and adversely affect
productivity.

In order to highlight the importance of soil properties during construction, Parsakho
et al. [72] investigated the effects of moisture, porosity, and soil bulk density during a
forest road construction. Furthermore, Devi and Palaniappan [73] presented the influence
of technological, operational, and site-related parameters, such as soil properties, on the
performance of earthmoving operations.

Earthwork constructions emit a large amount of dust into the environment, which
causes serious health hazards to construction workers. To reveal the characteristics of the
health risks to workers caused by the dust generated during the earthwork construction
phase, to polish the evaluation system of health damage in construction projects, and to
improve the occupational health of workers, Luo et al. [74] and Chen et al. [75] established
a health-risk evaluation system, which revealed the negative effect of dust exposure to the
equipment operators’ performance. Additionally, Ahn and Lee [76] presented a methodol-
ogy for incorporating the analysis of operational efficiency into quantifying the amount of
exhaust emission from construction operations and thus pointing out the effects of those
emissions on construction projects productivity.

The above factors related to natural and environmental effects were weighted in
relation to the construction equipment operators’ performance, and the AHP results are
presented in Figure 12.

Light conditions and noise levels
Safety conditions
Weather conditions

Soil properties

I|||I
\

Exposure to dust and emissions
0% 1% 2% 3% 4% 5% 6% 7% 8%
Equipment Owners Project Managers M Operators M Academia

Figure 12. Natural/Environmental factor sub-criteria scoring.

All groups of evaluators agreed that safety conditions during construction and earth-
works are of greater importance when it comes to the operator’s performance. The highest
score came from project managers (7%), as a result of it being their main obligation to
ensure construction safety during construction works. Equipment owners (3%), academia
(3%), and operators (2%) followed. On the other hand, the highest ranking given by the
equipment operators was the soil properties (3%). The operators also considered that their
exposure to dust and emissions had no effect on their performance.

4.2.5. Relationships—Interaction

The communication channels and the relationships developed between an employer
and an employee are analyzed. The manager will be considered either as an agent of the
employer or as an individual actor defending his or her own interests and with the ability
to intervene between the three actors [77].

In order to identify the necessary factors for a safe construction site, Mohamed [78]
conducted research in which he corroborates the importance of the role of management
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Between employees and employer

Disagreement solution

commitment, communication, workers’ involvement, attitudes, and competence, as well as
supportive and supervisory environments, in achieving a positive safety climate.

Additionally, investigations have been carried out which suggest that the motivation
of employees in all industries is affected by the environment or culture in which they
work [79]. Their research concluded that the environment of a construction site does affect
demotivation levels of site personnel. Specifically, several variables were significantly
linked to this result, including long hours, chaos, non-recognition for work done, and
colleagues’ aggressive management style.

This study incorporates the above research to investigate the influencing weight of
those relationships—interaction factors on the performance of construction equipment
operators and presents them in Figure 13.

Communication on site

Between employees

0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%
Equipment Owners Project Managers M Operators M Academia

Figure 13. Relationships—Interaction.

The AHP results indicated the significance of the on-site communication, especially
for the equipment owners, the academia group, and the equipment operators (9%, 4%,
and 2%, respectively). On the other hand, what was more important for the equipment
operators was the relationship between the employees and employers (2%), but also the
ability to come to a solution to the problem when there is a disagreement in the field (2%).
The importance of the relationship between employees and employers is also highlighted
by the equipment owners (6%). The above diversity could be explained in terms of working
mentality. Employees, such as the equipment operators, are the task receivers and those
who are directly affected by the employer’s decisions and management attitudes. The way
they interact with superintendents and the way they reach a solution to a disagreement
affects their psychological condition, their level of motivation and, of course, their will and
temper for more productive work.

5. Discussion

It is generally accepted that construction equipment is an integral part of every project
in the construction sector, and it represents a significant capital investment for the compa-
nies that own it. The efficient utilization of this resource makes the project successful [33].
This research started with the objective of identifying and hierarchizing the factors affecting
the construction equipment operator’s performance. This is a topic that is frequently and
widely discussed in the construction industry sector, but not comprehensively examined
and quantified, as was found through the literature review.

In previous research, many scholars have utilized different methods to exploit the
results of other related publications, mostly by examining a project’s productivity in general
or in relation to other factors. However, no research has been found to systematically
summarize those publications and provide a holistic approach on their interdependencies
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and, more specifically, to feature the linkage between equipment operator performance and
the project’s productivity. Two hundred and sixty-three topic-related publications were
examined and visualized through the VOSViewer application. The statistical analysis of
those articles revealed that the researchers’ interest in construction equipment and operator
productivity has been increasing over the past 5 years. Technological evolution seems to
radically affect the construction sector, and therefore, it was examined as an influential
factor on the construction equipment operators’ performance.

The objective of this research was to identify the criteria and sub-criteria with a great
effect on the equipment operator’s performance. The structured interviews with experts
in the field, combined with the conducted literature review led to the development of the
decision tree model (Figure 6), with five main criteria affecting the operator’s performance:
(i) operator’s competence, (ii) relationships—interaction, (iii) equipment (iv) task, and (v)
natural/environmental factors. Furthermore, each criterion has been evaluated in relation
to a total of twenty-one dependent sub-criteria.

The operators” competence was the most important criterion among all the groups
of evaluators (i.e., academia, project managers, operators, and equipment’s owners). This
result supports that the idea that to ensure successful projects, an experienced and trained
personnel is an important success factor. Furthermore, the availability of the equipment on
the sites and the maintenance adequacy of the fleet are among the most prevailing factors
between the equipment and the operator’s productivity. Notably, prescriptive maintenance
and the deployment of equipment are of the utmost importance according to our analysis.
Regarding the task that should be delivered and to what extent this can affect the operator’s
performance, the academia group and the project managers highlight the importance of the
project schedule, whereas the operators and equipment owners focus their attention on the
project’s demands. This stance discloses that the projects owners and academia demonstrate
a holistic approach to the issue and not an activity-based concern, as the operators and
equipment owners do. Regarding environmental factors, safety conditions are ranked first
for ensuring the operator’s enhanced productivity for the project managers, whereas, for
the operators, soil properties are the determinant factor in their ensured work effectiveness.
Lack of effective communication channels and conflicts among the construction teams are
criteria that are ranked high as causal factors for an operator’s poor productivity.

Based on the aforementioned research and our presented analysis, the practical ap-
plications of this study principally relate to helping stakeholders in plant and machinery
to better understand the interrelationships between the factors investigated that affect
the equipment operators’ performance. More specifically, it offers practitioners valuable
indicators to: (i) identify causal situations for the operators’ inefficiencies, (ii) reinforce their
fleet management, and (iii) thus ensure the project’s success.

6. Conclusions

Enhanced productivity is an overarching goal in the construction sector as it integrates
the effectiveness and efficiency of project’s resources while guaranteeing the quality of the
work. This paper explores, for the first time, qualitative evidence for the interdependencies
between the equipment operator’s performance and the construction equipment’s produc-
tivity. Through an extensive literature review and interviews with experts, this paper was
challenged to provide an annotative approach and pave the way for further constructive
thinking on the examined topic.

This research objective was to: (i) recognize the factors affecting operators” perfor-
mance levels that are closely related to a project’s productivity and (ii) prioritize those
factors by attributing total scores with Transparent Choice’s tool for the AHP. The AHP
was selected as the most suitable method for this research by utilizing its ability to weight
and hierarchize the criteria, without the need to specify alternative attributes. The factors
were divided into two groups, subjective and objective, and each group included two and
three categories, respectively. On level three of the decision tree model twenty-one factors
were investigated and shortlisted using the AHP. The decision tree model was evaluated by
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different types of evaluators, such as academia, equipment owners, operators, and project
managers. Each group of evaluators formed a different profile by attributing different total
scores to each criterion. The academia group was the group of evaluators that presented
similar results to the cumulative ones and similar profiles to the operators” group. The
operator’s competence was considered by all groups of evaluators as the most important
factor; in particular, “knowledge” and “experience” ranked first, followed by “training” and
“on-site preparation” and contributed radically to the construction equipment operators’
performance.

The limitations of this research relate to the fact that this was the first holistic approach
to relating the equipment operators’ performance with the tangible and intangible factors
identified in the literature and expert interviews. More experts could surely enhance the
robustness of our results. Moreover, in future research, the qualitative approach presented
here could be expressed in mathematical equations in order to quantify the sensitiveness of
the factors analyzed in relation to the equipment’s productivity.
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