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Abstract

A considerable body of literature has been dedicated to research studies on construction equipment. Many topics have been
discussed and analyzed with various conclusions being reported. However, research papers published in relation to construction
equipment, are highly diversified and there is a lack of systematic analysis and classification. Hence, a complete understanding
of the topic is not possible, nor is the assessment of any future research direction. A meta-analysis of the latest journal papers
dedicated to construction machinery would not only delineate the different fields the academic research has been concentrated
on, but it would additionally reveal potential gaps for future research.

In the current study, through a systematic review of the academic literature that has been published over the last decade
primarily identified via online databases, main research themes such as optimization, maintenance/downtime, productivity,
robotics and automation, operator’s competence, innovation and environment are defined and discussed and future research
directions are proffered. The outcome of this paper will facilitate future researchers to develop an appreciation of the progress
on construction equipment and its potential functions and provide future research directions on this field.
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1. Introduction

“Construction equipment” (CE) or “Heavy equipment” refers to heavy-duty self-propelled vehicles, specially
designed for executing construction tasks. Its use has a significant importance in the successful realization of civil
projects; it therefore represents a major capital investment for the construction industry. In this research, the term
CE refers to the machinery that is used especially for earth-moving operations. Those earthworks mainly consist
of four basic processes: excavating, hauling, spreading, and compacting [1]. Typical earthworks are building
foundation work, road construction, dam construction, airport construction and strip-mining. Depending on their
kind and size the earth-moving operations are carried out by single machines working independently or by sets of
machines working together and consist of excavators, dump trucks, loaders, compaction rollers, graders, scrapers,
etc.

There is a lot of research work on CE. However, research papers published in relation to CE, are highly
diversified and there is a lack of systematic analysis and classification. Hence, a complete understanding of the
topic is not possible, nor is the assessment of any future research direction. This mate-analysis of the latest journal
papers dedicated to CE would not only delineate the different fields the academic research has been concentrated
on, but would reveal also the potential gaps for future research. A previous holistic research on this subject can
only be traced in the review conducted by Edwards and Holt [2]. In their work, the authors highlighted the
following points as research directions for the future:
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o Machine maintenance might develop with more sophisticated predictive models that enable “just-in-time’
component replacement,

° Concerning the application of the global system for mobile communications facilities, it emerged that
there is scope for future research, since plant location and spatial data might be expanded to embrace large
fleet management,

. The concepts of autonomous machine control, automated systems and robotics might all be more
attractive to researchers in the future given the advantages of “unmanned” machines, a matter which is
also related to aspects of safer working conditions.

The adoption of nanotechnology and the production of hybrids are potential routes of development,
There is a need to enhance research sharing between the industry and the academic community.

Given the above, an updated review on the latest published academic papers dedicated to construction
machinery would not only indicate the fields the research was eventually directed to, but it would additionally
reveal any potential gaps for future research. The paper begins by presenting the method employed to determine
the major research outcomes, followed by a review of the academic papers. Principal research themes are
identified; practices and possible gaps in research are discussed and future research directions are proffered.
Finally, conclusions are drawn.

2. Methodology

A search (2016) via online databases such as SCOPUS, ASCE, ELSEVIER and EMERALD was carried out to
determine the major research themes related to the field that have been published over the last decade. Search
keywords like construction equipment, productivity, optimization, research, earthmoving operations, were
involved in the title, abstract or keywords of the articles searched.

Editorials, book reviews, articles in press, conference/seminar reports, discussions and articles published more
than a decade ago were excluded from this research. Nevertheless, where it was considered necessary for reasons
of documentation, some extra papers were added. After collecting the published work, an analysis was performed
in order to classify the main areas of interest. It must be clarified that the sample was indexed in a subjective
manner and that some themes might present a lot of commonalities due to the complex interrelationships between
them. For example, “Optimization” and “Productivity” present commonalities as the best fleet selection is
determined by productivity constraints of each CE. Moreover, it is acknowledged that the review is in no case
exhaustive. The themes and number of papers falling therein are shown in Table 1:

Table 1: Number of papers falling within the seven Themes identified

Themes identified Number of papers detected
Optimization 12
Maintenance/ Downtime 11
Productivity 12
Operator’s competence / Health & Safety 11
Robotics/ Automation 9
Innovation 10
Environment 8

Sum 73

3. Literature review

3.1. Optimization

Optimization deals with finding optimal decisions under the given constraints considering the number of
possible alternatives. This theme covers a variety of subjects that involve decision-making to increase resource
efficiency of use, minimize construction cost, reduce construction time and improve quality. Construction project
scheduling has received a considerable amount of attention over the last years. Many models were developed to
assist contractors in optimizing planning of earthmoving operations. For example Moselhi and Alshibani [3],
developed a model that utilizes genetic algorithm, linear programming, and geographic information systems (GIS)
to support management functions. As such, Zhou et al. [4] presented a review of the methods and algorithms that
have been developed to examine the area of construction schedule optimization. The developed algorithms for
solving this problem were classified into three methods: mathematical, heuristic and metaheuristic. Appropriate
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fleet selection is a prominent issue, attracting strong research interest. Zhang [5] proposed an integrated framework
for multi-objective simulation—optimization determining optimal equipment configurations of earthmoving
operations; Hola and Schabowicz [6] presented a methodology for selecting an optimum set of collaborating
earthmoving machines with the criterion of the minimum time needed or the minimum cost of carrying out the
earthworks. Jrade et al. [7] introduced a model with the aim to enable the selection of the optimum equipment fleet
based on simple economical operation analysis. Contractors have also started to acknowledge and use the
telematics technology as a reliable solution for timely collection of their equipment fleet data. This sub-theme has
attracted a particular interest amongst researchers. For instance: Said et al.[8] presented novel methodologies to
support heavy equipment fleet managers in using telematics data into two major tasks: fleet use assessment and
equipment health monitoring; Alshibani and Moselhi [9] developed an optimization simulation model that uses
Global Positioning System (GPS) for fleet selection for earthmoving operations; Akhavian and Behzadan [10]
presented a remote tracking technique developed to capture real-time field data from construction equipment to
predict the future performance of a construction system in addition to monitoring if all pieces of equipment are
operating according to the plan; Pradhananga and Teizer [11] presented the use of low-cost easy-to-install GPS
data logging technology for tracking and analyzing construction equipment operation. Overall, construction
equipment management can improve construction project performance and contractor corporate performance.
Samee and Pongpeng [12] not only studied these relationships by collecting contractors’ opinions, but also
examined the causal relationships between the construction equipment selection factors and the competitive
advantage of contractors [13]. Moreover, Aziz et al. [14] presented a smart optimization model, which incorporates
the basic concepts of Critical Path Method with a multi-objective Genetic Algorithm in order to support the balance
between time, cost and quality simultaneously for mega construction projects. Finally, Shawki et al. [15] displayed
a tool for simulating earthwork operations in most applications of construction.

3.2. Maintenance/Downtime

Maintenance plays a key role in reducing cost, minimizing equipment downtime, improving quality, increasing
productivity and providing reliable equipment and as a result achieving organizational goals and objectives [16].
Construction equipment performs to its optimum level if it is maintained properly. Downtime resulting from
machine breakdown during operations is one of the most unanticipated factors that have a substantial impact on
equipment productivity and organizational performance as a whole [17]. To overcome downtime problems,
contractors need to understand the dynamics of downtime as well as its influential factors, and thus manage their
equipment as a dynamic process rather than one that is static [18]. In order to be effective, predictive maintenance
strategy integrates machine data, prognostics, and remote diagnostic tools, which are critical to increasing
machinery uptime. Approaches such as condition-based maintenance are being implemented to deal with the
situation. Sensors are applied to detect changes in equipment components. With these solutions, contactors gain
insight into operations to understand machinery's health and avoid downtime and excessive maintenance costs.
Chen et al. [19] developed a distributed condition monitoring and fault diagnosis system for the hydraulic system
of large complex construction machinery, taking into account that more than 50% of the faults of construction
machinery is related to its hydraulic system. Equipment health-monitoring is a proactive maintenance tool to
estimate the equipment’s failure probability, and hence, Said et al. [8] developed a telematics-based equipment
health-monitoring framework for collecting vital equipment performance parameters to continuously assess the
condition of the equipment and detect signs of possible failure. Some researchers touched upon the factors and
parameters that influence the deterioration process and the forthcoming downtime. For instance, Prasertrungruang
and Hadikusumo [20] proposed a model that intends to facilitate a better understanding of the relationships among
acquisition condition, operational practice, maintenance quality, disposal practice, and downtime consequences of
heavy equipment; and Marinelli et al. [21] investigated the impact of various parameters (capacity, age, kilometers,
maintenance) on the deterioration process of earthmoving wheel trucks using the statistical method of discriminant
analysis. According to this method, any truck can be assigned to a specific condition level, depending on its
parameters’ values. This allows the effective planning of maintenance activities and the prediction of the
consequences that are expected to occur due to the equipment’s deterioration including downtime. Similarly,
Marinelli et al. [22] presented an Artificial Neural Network (ANN)-based model for the prediction of earthmoving
trucks’ condition level using the aforementioned parameters as predictors. The model identified an exclusive
connection of the condition level with the kilometers travelled and the maintenance level as the impact of the age
and capacity was found to be negligible. Mohideen et al. [23] introduced a model that tackles unpredictable
breakdowns in the construction plant and thus minimizes the breakdown time. The proposed model enables a quick
recovery of the construction plant, according to the breakdown parameters derived from the previous history of
the work records/environment. Mohideen and Ramachandran [24] proposed a breakdown code management to
provide a focused and unambiguous approach to the maintenance crew to handle any kind of breakdowns in
construction equipment. Additionally, Yip et al. [25] presented a comparative study on the applications of general
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regression neural network (GRNN) models and conventional Box—Jenkins time series models to predict the
maintenance cost of construction equipment; and Curcuru et al. [26] proposed a methodology that minimizes the
maintenance cost by determining the time at which the decision must be taken and the starting date of the
maintenance process.

3.3. Productivity

The expected work output per time unit (hour or day), usually termed productivity, determines the cost and the
duration of construction activities [27] and has consequently achieved much attention in literature. Panas and
Pantouvakis [28] in their review research regarding construction productivity explored the different perspectives
for measuring or estimating it; while Yi and Chan [29] conducted a systematic review of labor productivity in the
construction industry to investigate the state of the art and trends in construction labor productivity. Concerning
construction equipment, productivity estimation is heavily affected by the type of operational coefficients and the
estimation methodologies taken into account. Based on this, Panas and Pantouvakis [30] proposed a structured
framework for comparing different productivity estimation methodologies and evaluating their sensitivity with
operational coefficients variation for excavation operations. Rashidi et al. [31] proposed a generalized linear mixed
model to estimate the productivity of a common type of bulldozers and compared the outputs with the results
obtained by using a standard linear regression model. It was proven that a significant increase in the accuracy and
a remarkable reduction in the data variance can be achieved by using the proposed model. Telematics were also
used for estimating productivity in near real time. For example, Montaser et al. [32] presented an automated
method that utilizes GPS and Google Earth to extract the data needed to perform the estimation process; Montaser
and Moselhi [33] demonstrated an automated system that integrates GPS and GIS in a web-based platform used
for estimating, monitoring and forecasting productivity of hauling trucks in earthmoving works. Other researches
in the field include those by Schabowicz and Hota [34,35] who applied ANNs not only to predict productivity, but
also to predict earthmoving machinery effectiveness ratios; by Marinelli and Lambropoulos [36] who proposed a
new algorithmic method for scraper load-time optimization that achieves an improved modeling of scraper
earthmoving operations and contributes toward a more efficient cost management and by Oh et al. [37] who
developed a driver model for the wheel loader V-cycle working pattern and a 3D dynamic simulation model to
analyze working performance and energy flow in each component of the wheel loader. Finally, the work of Rustom
and Yahia [38] employed the use of simulation as an effective planning technique for estimating production rates
in construction projects.

3.4. Operator’s competence / Health and Safety

Operator’s competence is the operator’s ability to effectively and efficiently apply the machine to the work task.
Operator’s competence embraces not only aspects of productivity, but also health and safety (H&S) aspects.
Regarding productivity, it is acknowledged that operator competence and operator motivation are two entirely
different concepts, since a very competent operator can also be demotivated or simply idle. Holt and Edwards [39]
in their work identified the superlative role of operator competence in relation to other productivity variables and
presented a conceptual approach to overcoming subjective factors when estimating productivity. Concerning H&S
aspects, training is widely considered to be one of the best approaches to the accident prevention. Operator training
simulators are a key component of such initiatives to serve the purpose of keeping plants operating safely, with
optimal performance and reliability. Simulated environments provide safe, controllable conditions in which
operators can practice necessary skills such as critical thinking and decision making. The benefits of simulation
training have potentially much to offer to the construction training industry particularly in the education and
development of entrant level plant operators [40]. Guo et al. [41] suggested the use of game technologies to
improve the safety of construction plant works. The game technology-based safety training method provides
trainees with an easily operated multi-user virtual environment that allows them to try and study different methods
of operating the plant, while helping them identify potential safety problems.

The inevitable coexistence of machinery and ground floor workers results in many work accidents on sites.
According to Mc Cann [42] backhoes and trucks were involved in half the deaths with rollovers being the main
cause of death of heavy equipment operators. In an attempt to alleviate fatalities and injuries in construction
industry many researchers have focused on H&S aspects. Hinze and Teizer [43] in their paper highlighted that
blind spots; obstructions and lighting conditions were the most common factors contributing to vision related
fatalities. Given the above, Teizer et al. [44] developed a novel blind spot measurement to help identify the blind
spots of equipment, to quantify and protect the required safety zone(s); Moreover, Marks et al. [45] presented a
technique based on laser scanning for measuring blind spots of four different skid steer loaders and suggested that
similar measurement data for several pieces of equipment can be used to provide design suggestions in the future.
Teizer et al. [46] also applied a real-time proactive Radio Frequency warning and alert technology to
improve construction safety by warning or alerting workers-on-foot and operators in a proactive real-time mode
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once equipment gets too close in proximity to unknown or other equipment. Similarly, Marks and Teizer [47]
presented a test method to evaluate the capability of proximity detection and alert systems to provide alerts when
heavy construction equipment and workers are too close to each other. The use of 3D visualization not only assists
equipment control, but also improves operation efficiency and safety, and therefore Gai et al. [48] introduced a
real-time visualization method to simultaneously assist heavy equipment operators to perceive 3D working
environments at dynamic construction sites. However, Su et al. [49] warned that additional spatial information to
the operator may increase mental workload, introduce difficulties in processing the information and consequently
may cause malfunction and accidents.

3.5. Robotics/Automation

The use of robotics and automation (R&A) technology becomes essential to construction project success and
creates possibilities for the construction company to realize a competitive advantage [50, 51]. A popular subtheme
here is “unmanned construction”, i.e., work performed by remotely operated construction machinery that
corresponds to an operator controlled robot. In environments with great exposure in hard conditions,
remote machine operation is the preferred and most efficient solution for the operation of construction machines.
Sasaki and Kawashima [52] in their work developed a remote control system for a backhoe with a pneumatic robot
system, while Kim et al. [53] developed an excavator teleoperation system with movements of a human arm.

Furthermore, towards facilitating the use of automated construction equipment, Seo et al. [54] presented an
excavation task planner devised to incorporate the intelligence of a construction planner and a skillful operator
into the robotic control mechanism of an automated excavation system; Son and Kim [55] developed a system
with a realistic 3D workspace representation of terrain, which has the capacity to provide interactive visual
feedback to the operator of remotely controlled construction machines in order to make human-machine interaction
more efficient. Other studies have focused on real-time monitoring and detection of the construction equipment in
earthwork operations which is beneficial in several ways, such as productivity measurement and automated
performance assessment, accident warning and locating resources in the construction site. For example, Azar et al.
[56] introduced a vision-based system that detects the machines involved in loading actions, tracks them,
recognizes their interactions, and estimates the cycle times; Azar and McCabe [57] presented two promising
approaches combining available image and video processing methods to locate and distinguish dump trucks from
other earthmoving machines in noisy construction videos; Memarzadeh et al. [58] presented a computer-based
vision algorithm for automated 2D detection of construction workers and equipment from site video streams; and
Golparvar-Fard et al. [59] presented a computer based vision method for equipment action recognition. Concerning
spatial accuracy, Vahdatikhaki et al. [60] presented a novel approach to improve the quality of data captured by
less expensive real-time location systems so that the location of the equipment can be accurately estimated.

3.6. Innovation

Papers in this theme deal with construction equipment development and applications of hybrid systems in
construction machinery. Concerning equipment development, new methods and designs are implemented to
enhance reliability, machine control, comfort, safety and reduce costs derived from failures and breakdowns. For
example, Chen et al. [61] presented a systemic analysis of the cushioning performance of the high-pressure
cylinder of an excavator’s arm that could be instructive to construction machinery designers and researchers,
especially the high-pressure cylinder designers and the hydraulic system designers; Sun and Zhang [62] explored
the characteristics and advantages of the hydraulic mounts used for vibration isolation of an earthmoving
machinery cab compared with the rubber mounts; they found out that the cab system with quadratic damping
hydraulic mounts are remarkably effective in mitigating the vibrations and in enhancing the cab comfort; and
Solazzi [63] studied the boom and the arm of an excavator with the aim to replace steel alloy by aluminum alloy
and thus reduce the weight of the machine.

However, the application of hybrid systems in construction machinery is the most popular sub-theme. Since
advanced hybrid propulsion technology is the key to achieve fuel economy, construction machinery makers have
put much effort in the research on applying hybrid propulsion techniques to further reduce fuel consumption and
pollutant emissions. Lin et al. [64] presented applications of hybrid systems in construction machinery and
highlighted the challenges encountered by the researchers and the construction machinery manufacturers, such as
the high cost that needs to come down to the level of the conventional construction machinery with no sacrifice in
performance. In the direction of energy saving and environment protection, Inoue and Yoshida [65] developed a
hybrid system for a hydraulic excavator and Wang et al. [66] pointed out the trend of hybrid power loaders. Lin et
al. [67] dealt with the method of how to regenerate the potential energy for a hybrid hydraulic excavator; and Hui
and Junging [68] proposed an energy saving scheme with parallel hydraulic hybrid system for a loader to capture
the braking energy normally lost to friction brakes. Also, Wang et al. [69] in their paper analyzed the performance
of the power train hybridization of hydraulic excavator and compared the main performance among the parallel,
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the series and the conventional configurations and Xiao et al. [70] dealt with control strategies of power system in
hybrid hydraulic excavator.

3.7. Environment

Construction equipment is a major source of greenhouse gases and other air pollutant emissions. The emerging
concept of sustainable or green construction emphasizes the urgency of minimizing the harmful impacts on the
environment [71]. Manufacturers of earthmoving machines must address sustainability requirements, as well as
remain competitive. Considering environmental issues during the planning phase could increase project's value
[72].

Lewis et al. [73] in their work introduced the challenges to quantification of emissions from non-road
construction vehicles and described associated governmental regulations and incentives for reducing emissions.
Zhang et al. [74] developed a simulation method to estimate the emissions and noise by reflecting the uncertainty,
randomness and dynamics in construction. Heidari and Marr [75] employed a portable emission measurement
system for real-time emission measurement of construction equipment under actual operating conditions on site,
to find out that in some pieces of equipment there were large discrepancies between measured emissions and those
predicted by widely used models. Hajji [76] proposed a methodology for estimating fuel use and CO, emissions
for some common earthwork activities performed by bulldozer, excavator and dump truck to help the contractor
estimate the total expected polluting emissions for the project, which would be valuable information for a
preliminary project environmental assessment. Selecting the most appropriate equipment concerning its
environmental impacts is highly challenging. For this, Waris et al. [77] focused on determining selection criteria
based on the fundamental concept of sustainability. In other papers, Ahn et al. [78] used low-cost accelerometers
to measure the operational efficiency of construction equipment and monitoring environmental performance and
Ng et al. [79] presented an eco-approach to enable operators to achieve optimal productivity for fuel efficiency of
a hydraulic excavator. The research revealed that the combinations of various engine speed settings and bucket cut
depths can increase productivity and reduce greenhouse gas emissions.

4. Discussion

In our era where civil engineering projects are more demanding in terms of more cost-effective solutions and
environmentally friendly use of resources (construction equipment, materials, labor), the advancements in the CE
industry focuses mainly in the following areas [80, 81, 82, 83]:

e Higher production rates with shorter cycle times and better performance

e Usage of several software applications for better CE management: increased productivity, efficiency,
safety and operational analysis
Innovations in remote diagnostics tools for proactive maintenance
Ergonomic design that focuses mainly on the human being by offering better cabin conditions

¢ Remote control of the CE through the use of neural networks applications; the autonomous machine
control and use of robotics (“unmanned” equipment)

e Fewer gas emissions by using hybrid engines

e Usage of lightweight materials for construction and hence better performance with lower fuel
consumption

All the previously mentioned issues are well established in the literature of the last decade. Research concerning
optimization tends to focus on operational analysis regarding the use of the appropriate fleet selection for specific
construction method, time and cost constraints. Collection of performance data, remote control of proactive
maintenance, automation and “unmanned” machines also attend to the demands for lower construction costs.
Regarding the maintenance/downtime theme, condition monitoring helps to accurately assess the performance and
operating condition of critical equipment. Concerning the theme of productivity, research includes the integration
of telematics for tracking machine location, fuel consumption, availability and idle time. Future research efforts
are directed in utilizing state-of-the-art technology to provide real-time spatial and performance data for even more
effective equipment management. Regarding the operator’s competence, emphasis is given on the use of simulators
and game technologies to safely train them and consequently advance their skills and enhance their levels of
proficiency in a cost-effective way. Through the use of applications simulating worksites, the machine operators
gain familiarization and understanding of machine controls, learn proper operating procedures and discover ways
to maximize productivity. Regarding the theme of innovation, the design of hybrid engines has attracted a
considerable amount of attention amongst researchers. The machine’s ability to collect, store and release energy
during operation, enables lower fuel consumption and the potential for increased productivity, while decreasing
the amount of harmful emissions released into the air. Remotely controlled unmanned construction equipment is
the new trend in R&A intending to automate the construction site, leaving humans to program and control the
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project’s progress. Where high reliability and resilience to harsh environmental conditions are required, unmanned
construction equipment can play a valuable role. In this field, manufacturers going one step further, already
investigate the co-existence of unmanned construction equipment and unmanned aircraft (drones that provide 3-D
models of the terrain) for routine construction. Finally, regarding the protection of the environment, the holistic
approach combines the efficient and effective operation and the application of the correct environmental policies.
During the two last decades the European and American policies have determined the requirements for the
limitation of air pollution. The use of new materials for energy consumption as the biodiesel, biogas and dimethyl
ether constitute alternative, renewable energy sources. As construction industry faces increasingly restrictive
environmental regulations, future research will strive to facilitate “cleaner” machines to meet regulatory
requirements.

5. Conclusions

The main conclusions of this research can be summarized as follows:

1. The academic research work regarding CE over the last decade has focused on the following thematic
areas:

a. Optimization, b. Maintenance / Downtime, c. Productivity, d. Operator’s competence / Health and
Safety,
e. Robotics / Automation, f. Innovation, and g. Environment.

2. The themes cannot be considered as completely distinct due to the interrelationships between them.

3. The areas on which the construction equipment industry has currently focused are embraced by the
academic research community and vice-versa.

4. The advancements in technology have led to the use of remote control and maintenance systems
improving the organization and controlling the performance of a construction equipment fleet. Moreover,
R&A are working on “unmanned” machines that will do the job according to the requirements of the
humans programming and controlling the project’s progress.

References

[1]  Peurifoy, R.L.and Ledbetter, W.B. (1985).Construction planning, equipment and methods. New York: McGraw-Hill.

[2] Edwards D.J.andHolt G.D. (2009). Construction plant and equipment management research: thematic review. Journal of Engineering,
Design and Technology, 7(2), 186-206.

[3] Moselhi, O. and Alshibani, A. (2009). Optimization of Earthmoving Operations in Heavy Civil Engineering Projects. , 135(10), 948-
954,

[4]  Zhou,J., Love, P., Wang, X., Teo K.L. and Irani Z. (2013). A review of methods and algorithms for optimizing construction scheduling.
Journal of the Operational Research Society, 64, 1091-1105

[5] Zhang, H. (2008). Multi-objective simulation-optimization for earthmoving operations. Automation in construction, 18(1), 79-86.

[6] Hola, B. and Schabowicz, K. (2010). Estimation of earthworks execution time cost by means of artificial neural networks. Automation
in Construction, 19(5), 570 — 579.

[7] Jrade, A., Markiz, N., and Albelwi N. (2012). An Economical Operation Analysis Optimization Model for Heavy Equipment Selection.
International Journal of Social, Behavioral, Educational, Economic, Business and Industrial Engineering, 6(1), 146-151.

[8] Said, H., Nicoletti, T., and Perez-Hernandez, P. (2014). Utilizing Telematics Data to Support Effective Equipment Fleet-Management
Decisions: Utilization Rate and Hazard Functions. Journal ofComputing in Civil Engineering, 30(1), 04014122-1 - 04014122-11.

[9] Alshibani, A., and Moselhi, O. (2012). Fleet selection for earthmoving projects using optimization-based simulation. Canadian Journal
of Civil Engineering, 39, 619-630.

[10] Akhavian, R., and Behzadan, A. (2012). Remote Monitoring of Dynamic Construction Processes Using Automated Equipment Tracking.
Construction Research Congress 2012, 1360-1369.

[11] Pradhananga, N. and Teizer, J. (2013). “Automatic spatio-temporal analysis of construction site equipment operations using GPS data”,
Automation in Construction, 29, p.107-122.

[12] Samee, K., and Pongpeng, J. (2015) Structural equation model for construction equipment management affecting project and corporate
performance. KSCE Journal of Civil Engineering,10.1007/s12205-015-0717-1.

[13] Samee, K., and Pongpeng, J. (2016). Structural Equation Model for Construction Equipment Selection and Contractor Competitive
Advantages. Journal of Civil Engineering, 20(1), 77-89.

[14] R.F., Hafez, S.M., andAbuel-Magd Y.R. (2014). Smart optimization for mega construction projects using artificial intelligence.
Alexandria Engineering Journal, 53(3), 591-606.

[15] Shawki, K.M, Kilani, K., and Gomaa M.A. (2015). Analysis of earth-moving systems using discrete-event simulation. Alexandria
Engineering Journal, 54(3), 533-540.

[16] Bashiri, M., Badri H., and T.H. Hejazi (2011). Selecting optimum maintenance strategy by fuzzy interactive linear assignment method.
Applied Mathematical Modelling, 35(1), 152-164.

[17] Schaufelberger, J. E. (1999) Construction equipment management. Upper Saddle River: Prentice-Hall, Inc.

[18] Prasertrungruang, T., and Hadikusumo B.H.W. (2008). System dynamics modelling of machine downtime for small to medium highway
contractors. Engineering, Construction and Architectural Management, 15(6), 540-561.

[19] Chen, X., Wu, W., Wang, H. and Zhou Y. (2013). Distributed monitoring and diagnosis system for hydraulic system of construction
machinery. Frontiers of Mechanical Engineering, 5(1), 106-110.

[20] Prasertrungruang T., and Hadikusumo, B. H. W (2009). Study of Factors Influencing the Efficient Management and Downtime
Consequences of Highway Construction Equipment in Thailand. Journal of Construction Engineering and Management, 135, 2-11.

[21] Marinelli, M., Lambropoulos, S. and Pantouvakis, J.-P. (2012). Investigation of earthmoving trucks deterioration using discriminant
analysis. International Journal of Project Organisation and Management, 4(4), 397 —413.

106


http://www.sciencedirect.com/science/article/pii/S1110016814000556#af005
http://www.sciencedirect.com/science/article/pii/S1110016814000556
http://www.sciencedirect.com/science/article/pii/S1110016814000556
http://www.sciencedirect.com/science/journal/11100168
http://www.sciencedirect.com/science/article/pii/S0307904X10002209
http://www.sciencedirect.com/science/article/pii/S0307904X10002209
http://www.sciencedirect.com/science/article/pii/S0307904X10002209
http://www.sciencedirect.com/science/journal/0307904X

[22]
[23]
[24]
[25]
[26]

[27]
[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]

[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]

[61]

Marinelli, M., Lambropoulos, S. and Petroutsatou, K. (2014) Earthmoving trucks condition level prediction using neural
networks. Journal of Quality in Maintenance Engineering, 20(2), 182 — 192.

Mohideen, P.B.A., Ramachandran, M., and Narasimmalu,R.R. (2011). Construction plant breakdown criticality analysis — part 1: UAE
perspective. An International Journal, 18(4), 472-489.

Mohideen, P.B and Ramachandran, M. (2014). Strategic approach to breakdown maintenance on construction plant-UAE perspective.
Benchmarking: An International Journal, 21(2), 226 — 252.

Yip, H., Fan, H., and Chiang, Y. (2014). Predicting the maintenance cost of construction equipment: Comparison between general
regression neural network and Box—Jenkins time series models. Automation in Construction 38, 30-38.

Curcuru, G., Galante G., and Lombardo A. (2010). A predictive maintenance policy with imperfect monitoring. Reliability Engineering
and System Safety, 95(9), 989-997.

Park, H.S. (2006). Conceptual framework of construction productivity estimation. Journal of Civil Engineering, 10(5), 311-17.

Panas, A., and Pantouvakis, J.P. (2010). Evaluating Research Methodology in Construction Productivity Studies. The Built & Human
Environment Review, 3(1), 63-85.

Yi, W., and Chan A.P.C. (2014). Critical Review of Labor Productivity Research in Construction Journals. Journal of Management in
Engineering, 30, 214-225.

Panas, A. and Pantouvakis, J.P. (2010). Comparative analysis of operational coefficients' impact on excavation operations. Engineering,
Construction and Architectural Management, 17(5), 461 — 475.

Rashidi, A., RashidiNejadH.and Marcel Maghiar (2014). Productivity Estimation of Bulldozers using Generalized Linear Mixed Models.
Journal of Civil Engineering, 18(6), 1580-1589.

Montaser, A., Bakry, I., Alshibani, A., and Moselhi O. (2012). Estimating productivity of earthmoving operations using spatial
technologies. Canadian Journal of Civil Engineering, 39, 1072-1082.

Montaser, A., Moselhi, O. (2014). Truck+ for earthmoving operations, Journal of Information Technology in Construction, 19, 412-433.
Schabowicz, K. and Hofa, B. (2007). Mathematical-neural model for assessing productivity of earthmoving machinery. Journal of Civil
Engineering and Management 13(1), 47-54.

Schabowicz, K. and Hota, B. (2008). Application of artificial neural networks in predicting earthmoving machinery effectiveness ratios.
Archives of Civil and Mechanical Engineering, 8(4), 73-84.

Marinelli, M., and Lambropoulos, S. (2013). Algorithmic Method for Scraper Load-Time Optimization. Journal of Construction
Engineering and Management, 139, 459-465.

Oh, K., Kim, H., Ko, K., Kim, P., and Yi K. (2015). Integrated wheel loader simulation model for improving performance and energy
flow. Automation in Construction, 58, 129-143.

Rustom, R.N., and Yahia, A. (2007). Estimating productivity using simulation. Construction Innovation, 7 (1), 167-186.

Holt, G. and Edwards, D. (2015). Analysis of interrelationships among excavator productivity modifying factors. International Journal
of Productivity and Performance Management, 64(6), 853 — 869.

Tichon J., and Diver P. (2010). Plant operator simulation: benefits and drawbacks for a construction training organization. Cognition,
Technology & Work, 12 (3), 219-229.

Guo, H. Li, H., Chana, G., and Skitmore M. (2012). Using game technologies to improve the safety of construction plant operations.
Accident Analysis and Prevention, 48, 204— 213.

Mc Cann (2006). Heavy equipment and truck-related deaths on excavation work sites. Journal of Safety Research, 37(5), 511-517.
Hinze, J.W., and Teizer J. (2011). Visibility-related fatalities related to construction equipment. Safety Science, 49 (5), 709-718.
Teizer, J., Allread, B.S., and Mantripragada U. (2010). Automating the blind spot measurement of construction equipment. Automation
in Construction, 19 (4), 491-501.

Marks,E., Cheng T., and Teizer, J. (2013). Laser Scanning for Safe Equipment Design That Increases Operator Visibility by Measuring
Blind Spots. Journal of Construction Engineering and Management, 139(8), 1006-1014.

Teizer, J., Allread, B.S., Fullerton, C.E., Hinze, J.B. (2010). Autonomous pro-active real time construction worker and equipment
operator proximity safety alert system. Automation in Construction, 19 (5), 630-640.

Marks E.D. and Teizer J. (2013). Method for testing proximity detection and alert technology for safe construction equipment operation.
Construction Management and Economics, 31(6), 636-646.

Gai, M., Cho, Y., and Qinghua, X. (2013). “Real time 3D visualization of multiple heavy construction equipment operations using
LADAR.” Proceedings of the 2013 ASCE International Workshop on Computing in Civil Engineering, June 23-25, Univ. of Southern
California, LA, California. pp.889-896.

Su, X., Pan, J., and Grinter, M. (2015). Improving Construction Equipment Operation Safety from a Human-centered Perspective.
Procedia Engineering, 118, 290-295.

Pries, F., and Janszen, F. (1995). Innovation in the construction industry: The dominant role of the environment. Construction
Management and Economics, 13(1), 43-51.

Slaughter, E.S. (1998). Models of construction innovation. Journal of Construction Engineering and Management, 110 (3), 311-323.
Sasaki, T., and Kawashima, K.(2008). Remote control of backhoe at construction site with a pneumatic robot system. Automation in
Construction, 17, 907-914.

Kim, D., Kim J., Lee, K., Park, C., Song, J., and Kang, D. (2009). Excavator teleoperation system using a human arm. Automation in
Construction, 18, 173-182.

Seo, J., Lee, S., Kim, J., and, Kim, S.-K. (2011). Task planner design for an automated excavation system. Automation in Construction,
20, 954-966.

Son, H., and Kim, C. (2013). Multiimaging Sensor Data Fusion-Based Enhancement for 3D Workspace Representation for Remote
Machine Operation. Journal of Construction Engineering and Management, 139 (4), 434-444.

Azar R.E., Dickinson, S., and McCabe, B. (2013). Server-Customer Interaction Tracker: Computer Vision—-Based System to Estimate
Dirt-Loading Cycles. Journal of Construction Engineering and Management, 139 (7), 785-794.

Azar, R.E., and McCabe, B. (2012). Automated Visual Recognition of Dump Trucks in Construction Videos. Journal ofComputing in
Civil Engineering, 26,769-781.

Memarzadeh, M.,Golparvar-Fard, M., and Niebles, J.C. (2013). Automated 2D detection of construction equipment and workers from
site video streams using histograms of oriented gradients and colors. Automation in Construction, 32, 24-37.

Golparvar-Fard, M., Heydarian, A., andNiebles, J.C. (2013). Vision-based action recognition of earthmoving equipment using spatio-
temporal features and support vector machine classifiers. Advanced Engineering Informatics, 27 (4), 652—-663.

Vahdatikhaki, F., Hammadb, A., and Siddiqui H. (2015). Optimization-based excavator pose estimation using real time location systems.
Automation in Construction, 56, 76-92.

Chen, X., Chen, F., Zhou, J., Li, L., and Zhang Y. (2015). Cushioning structure optimization of excavator arm cylinder. Automation in
Construction, 53,120-130.

107


http://www.emeraldinsight.com/action/doSearch?ContribStored=Petroutsatou%2C+K
http://www.sciencedirect.com/science/journal/16449665
http://link.springer.com.proxy.eap.gr/journal/10111
http://link.springer.com.proxy.eap.gr/journal/10111
http://www-scopus-com.proxy.eap.gr/source/sourceInfo.uri?sourceId=29284&origin=recordpage
http://www.sciencedirect.com/science/article/pii/S0925753511000099
http://www.sciencedirect.com/science/article/pii/S0925753511000099
http://www.sciencedirect.com/science/journal/09257535
http://www.sciencedirect.com.proxy.eap.gr/science/article/pii/S0926580509002015
http://www.sciencedirect.com.proxy.eap.gr/science/article/pii/S0926580509002015
http://www.sciencedirect.com.proxy.eap.gr/science/journal/09265805
http://www.sciencedirect.com.proxy.eap.gr/science/journal/09265805
http://www.sciencedirect.com.proxy.eap.gr/science/article/pii/S0926580509002015
http://www.sciencedirect.com.proxy.eap.gr/science/article/pii/S0926580509002015
http://www-scopus-com.proxy.eap.gr/authid/detail.uri?authorId=34868033900&amp;eid=2-s2.0-77955716869
http://www-scopus-com.proxy.eap.gr/authid/detail.uri?authorId=7006120013&amp;eid=2-s2.0-77955716869
http://www-scopus-com.proxy.eap.gr/authid/detail.uri?authorId=7006120013&amp;eid=2-s2.0-77955716869
http://www-scopus-com.proxy.eap.gr/record/display.uri?eid=2-s2.0-77955716869&origin=resultslist&sort=plf-f&src=s&st1=Autonomous+pro-active+real-time+construction+worker+and+equipment+operator+proximity+safety+alert+system.&st2=&sid=2358EAB7EB794CA8D68D642468AEDBA4.y7ESLndDIsN8cE7qwvy6w%3a10&sot=b&sdt=b&sl=120&s=TITLE-ABS-KEY%28Autonomous+pro-active+real-time+construction+worker+and+equipment+operator+proximity+safety+alert+system.%29&relpos=0&citeCnt=101&searchTerm=TITLE-ABS-KEY%28Autonomous+pro-active+real-time+construction+worker+and+equipment+operator+proximity+safety+alert+system.%29#corrAuthorFooter
http://www-scopus-com.proxy.eap.gr/source/sourceInfo.uri?sourceId=24931&origin=recordpage
http://ascelibrary.org/journal/jcemd4
http://ascelibrary.org/journal/jcemd4
http://www.sciencedirect.com.proxy.eap.gr/science/article/pii/S0926580512002403
http://www.sciencedirect.com.proxy.eap.gr/science/journal/09265805
http://www.sciencedirect.com.proxy.eap.gr/science/journal/09265805
http://www.sciencedirect.com/science/article/pii/S1474034613000761
http://www.sciencedirect.com/science/article/pii/S1474034613000761
http://www.sciencedirect.com/science/article/pii/S1474034613000761
http://www.sciencedirect.com/science/journal/14740346
http://www.sciencedirect.com/science/journal/14740346

[62]

[63]
[64]

[65]
[66]
[67]
[68]
[69]
[70]

[71]
[72]

[73]
[74]
[75]
[76]
[77]
78]
[79]
[60]
[81]
[62]

(83]

Sun, X. and Zhang, J. (2014). Performance of earth-moving machinery cab with hydraulic mounts in low frequency. Journal of Vibration
and Control, 20(5), 724-735.

Solazzi L. (2010). Design of aluminium boom and arm for an excavator. Journal of Terramechanics, 47, 201-207.

Lin, T., Wang, Q., Hu, B., and Gong, W. (2010) Development of hybrid powered hydraulic construction machinery. Automation in
Construction, 19, 11-19.

Inoue, H., and Yoshida, H. (2012). Development of hybrid hydraulic excavators. International Journal of Automation Technology, 6 (4),
516-520.

Wang, Y., Zhao, D., Wang, Z. and Hu, Y. (2014). The Trend and Actuality of Hybrid Power Loaders. Key Engineering Material,62,
649-654.

Lin, T., Wang, Q., Hu, B., and Gong W. (2010). Research on the energy regeneration systems for hybrid hydraulic excavators.
Automation in Construction, 19, 1016-1026.

Hui, S., and Junging, J. (2010). Research on the system configuration and energy control strategy for parallel hydraulic hybrid loader.
Automation in Construction, 19, 213-220.

Wang, D.,Guan, C. Pan, S, Zhang, M., Lin, X. (2009). Performance analysis of hydraulic excavator power train
hybridization. Automation in Construction, 18 (3), 249-257.

Xiao, Q.,Wang, Q., Zhang, Y. (2008). Control strategies of power system in hybrid hydraulic excavator. Automation in
Construction, 17 (4), 361-367.

Nunnally, S.W. (2000) Managing Construction Equipment,New Jersey: Prentice-Hall.

Ahn, C.R., and S. Lee. (2013). Importance of operational efficiency to achieve energy efficiency and exhaust emission reduction of
construction operations. Journal of Construction Engineering and Management, 139, 404-413.

Lewis, P., W. Rasdorf, H.C. Frey, S. Pang, and K. Kim. (2009) Requirements and incentives for reducing construction vehicle emissions
and comparison of non-road diesel engine emissions data sources. Journal of Construction Engineering and Management, 135, 341-351.
Zhang H., Zhai, D., and Yang Y.N. (2014). Simulation-based estimation of environmental pollutions from construction processes.
Journal of Cleaner Production, 76, 85-94.

Heidari, B., and Marr L.C. (2015). Real time emissions from construction equipment compared with model predictions. Journal of the
Air & Waste Management Association 65 (2), 115-125.

Hajji, A. (2015). The use of construction equipment productivity rate model for estimating fuel use and carbon dioxide (CO2) emissions
Case study: bulldozer, excavator and dump truck. International Journal of Sustainable Engineering, 8(2), 111-121.

Waris, M., Liew, M.S., Khamidi, M.F., and Idrus, A. (2014). Criteria for the selection of sustainable onsite construction equipment.
International Journal of Sustainable Built Environment, 3, 96-110.

Ahn, C., Lee, S., and Pefia-Mora, F. (2013). Accelerometer-Based Measurement of Construction Equipment Operating Efficiency for
Monitoring Environmental Performance. Journal of Computing in Civil Engineering, 565-572.

Ng, F., Harding, J., and Glass, J. (2016). An eco-approach to optimize efficiency and productivity of a hydraulic excavator. Journal of
Cleaner Production, 112 (5) 3966-3976

Retrieved February, 2016: http://www.cat.com/en US/support/operations/cat-connect-solutions.html

Retrieved February, 2016: https://mining.cat.com/technology/solutions/productivity-solutions

Retrieved February, 2016: http://www.volvoce.com/SiteCollectionDocuments/VCE/History/Company/175%20years%2021A1003961-
0711.pdf

Retrieved February, 2016: http://techworld.volvogroup.com/construction.aspx

108


http://www-scopus-com.proxy.eap.gr/record/display.uri?eid=2-s2.0-84863947752&origin=reflist&sort=plf-f&src=s&st1=construction+machinery&nlo=&nlr=&nls=&sid=2C78A9CD05C60125074113803E8144AB.fM4vPBipdL1BpirDq5Cw%3a3360&sot=b&sdt=cl&cluster=scosubjabbr%2c%22ENGI%22%2ct%2bscolang%2c%22English%22%2ct%2bscopubyr%2c%222013%22%2ct%2bscoexactkeywords%2c%22Construction+equipment%22%2ct&sl=72&s=TITLE-ABS-KEY%28construction+machinery%29+AND+DOCTYPE%28ar%29+AND+PUBYEAR+%3e+2005
http://www-scopus-com.proxy.eap.gr/record/display.uri?eid=2-s2.0-58949096650&origin=reflist&sort=plf-f&src=s&st1=construction+machinery&nlo=&nlr=&nls=&sid=2C78A9CD05C60125074113803E8144AB.fM4vPBipdL1BpirDq5Cw%3a3360&sot=b&sdt=cl&cluster=scosubjabbr%2c%22ENGI%22%2ct%2bscolang%2c%22English%22%2ct%2bscopubyr%2c%222013%22%2ct%2bscoexactkeywords%2c%22Construction+equipment%22%2ct&sl=72&s=TITLE-ABS-KEY%28construction+machinery%29+AND+DOCTYPE%28ar%29+AND+PUBYEAR+%3e+2005
http://www-scopus-com.proxy.eap.gr/record/display.uri?eid=2-s2.0-58949096650&origin=reflist&sort=plf-f&src=s&st1=construction+machinery&nlo=&nlr=&nls=&sid=2C78A9CD05C60125074113803E8144AB.fM4vPBipdL1BpirDq5Cw%3a3360&sot=b&sdt=cl&cluster=scosubjabbr%2c%22ENGI%22%2ct%2bscolang%2c%22English%22%2ct%2bscopubyr%2c%222013%22%2ct%2bscoexactkeywords%2c%22Construction+equipment%22%2ct&sl=72&s=TITLE-ABS-KEY%28construction+machinery%29+AND+DOCTYPE%28ar%29+AND+PUBYEAR+%3e+2005
http://www-scopus-com.proxy.eap.gr/record/display.uri?eid=2-s2.0-38649136187&origin=reflist&sort=plf-f&src=s&st1=construction+machinery&nlo=&nlr=&nls=&sid=2C78A9CD05C60125074113803E8144AB.fM4vPBipdL1BpirDq5Cw%3a3360&sot=b&sdt=cl&cluster=scosubjabbr%2c%22ENGI%22%2ct%2bscolang%2c%22English%22%2ct%2bscopubyr%2c%222013%22%2ct%2bscoexactkeywords%2c%22Construction+equipment%22%2ct&sl=72&s=TITLE-ABS-KEY%28construction+machinery%29+AND+DOCTYPE%28ar%29+AND+PUBYEAR+%3e+2005
http://www.sciencedirect.com/science/article/pii/S221260901400034X#b0260
http://ascelibrary.org/journal/jcemd4
http://www.cat.com/en%20US/support/operations/cat-connect-solutions.html
http://www.volvoce.com/SiteCollectionDocuments/VCE/History/Company/175%20years%2021A1003961-0711.pdf
http://www.volvoce.com/SiteCollectionDocuments/VCE/History/Company/175%20years%2021A1003961-0711.pdf
http://techworld.volvogroup.com/construction.aspx

