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1. Thesis Structure 

 

1.1  Abstract - Περίληψη 

The selection and optimization of heavy machinery in earthmoving operations represents a 
critical decision-making challenge in the construction sector, directly influencing cost, time, 
and environmental impact. Despite the considerable attention this issue has received over 
the years, the research landscape remains fragmented, lacking a unified framework that 
systematically integrates diverse optimization criteria, real-world constraints, and evolving 
project requirements. 

This study sets out to conduct a comprehensive systematic literature review (SLR) focused on 
methodologies used for equipment selection and fleet optimization in earthmoving 
operations. The primary objective was to identify dominant research trends, methodologies, 
success criteria, and existing gaps, thereby forming a coherent map of the current state of 
knowledge and highlighting opportunities for future scientific advancement. 

Following the guidelines of (Kitchenham, 2007; Petersen et al., 2015) the review was 
structured using a systematic mapping approach. A robust search protocol was implemented, 
involving multiple academic databases, Boolean logic queries, defined inclusion/exclusion 
criteria, and staged screening using StArt software and snowballing techniques. Fifty-seven 
high-quality papers published between 2000 and 2025 were selected and analyzed. A 
multidimensional classification scheme was applied, covering research goals, methods, 
equipment categories, project types, publication years, and optimization objectives. 

The analysis revealed that most studies focus on minimizing cost and time using simulation-
based and multi-objective optimization techniques. Decision-making models, resource 
allocation strategies, and fuel/emissions-related criteria were also examined, although they 
appear less frequently. Moreover, while dump trucks and excavators are the most commonly 
studied machines, specialized equipment types remain underexplored. Most research is 
applied (evaluation/validation), highlighting a practical orientation, but suffers from limited 
use of real-time data, advanced AI tools, and holistic performance frameworks. 

The outcomes of this work are twofold. First, the study offers an integrated synthesis of 
current research, guiding scholars through a complex and often disjointed field. Second, it 
identifies actionable knowledge gaps, such as the limited integration of environmental and 
spatial efficiency criteria into decision-making models. These findings pave the way for the 
development of hybrid, data-driven, and multi-criteria decision support systems tailored to 
real-world construction contexts. 

This review is significant for both researchers and practitioners. For academia, it provides a 
foundation for new research trajectories grounded in identified gaps. For industry, it delivers 
a structured overview of advanced methodologies that can enhance equipment planning, 
sustainability, and operational performance in infrastructure development. 
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Keywords: equipment selection, earthmoving operations, optimization, decision support 
systems, simulation, fleet management, machine learning, multi-criteria decision-making.  

1.2 Περίληψη στα ελληνικά 

Η επιλογή και βελτιστοποίηση εξοπλισμού σε χωματουργικές εργασίες αποτελεί ένα από τα 
πιο κρίσιμα και πολυσύνθετα ζητήματα στη σύγχρονη τεχνική και κατασκευαστική πράξη. Η 
διαδικασία αυτή σχετίζεται άμεσα με την οικονομική βιωσιμότητα ενός έργου, την 
αποδοτικότητα του εργοταξίου, την κατανάλωση πόρων και ενέργειας, και φυσικά τον χρόνο 
εκτέλεσης. Παρά την έντονη ερευνητική δραστηριότητα που έχει σημειωθεί τις τελευταίες 
δύο δεκαετίες, η βιβλιογραφία στο συγκεκριμένο πεδίο εξακολουθεί να παρουσιάζει 
σημαντικό βαθμό κατακερματισμού. Η απουσία ενοποιημένων μεθοδολογικών πλαισίων, η 
ασυμμετρία στην κάλυψη των διαφορετικών ειδών εξοπλισμού και η περιορισμένη 
ενσωμάτωση περιβαλλοντικών ή ποιοτικών κριτηρίων καθιστούν επιτακτική την ανάγκη για 
μια συστηματική χαρτογράφηση της υπάρχουσας επιστημονικής γνώσης. 

Η παρούσα εργασία εκπονήθηκε με σκοπό τη διενέργεια μιας Συστηματικής Ανασκόπησης 
Βιβλιογραφίας (Systematic Literature Review - SLR), εστιάζοντας στις μεθόδους επιλογής, 
κατανομής και βελτιστοποίησης στόλων βαρέως εξοπλισμού που χρησιμοποιούνται σε έργα 
εκσκαφής και μεταφοράς υλικών. Κύριος στόχος της μελέτης υπήρξε η ταυτοποίηση 
κυρίαρχων ερευνητικών τάσεων, η καταγραφή των επικρατέστερων μεθοδολογιών, η 
ανάλυση των κριτηρίων επιτυχίας και η ανάδειξη των υπαρχόντων ερευνητικών κενών, ώστε 
να προσδιοριστεί με σαφήνεια το τρέχον επίπεδο γνώσης και να διαμορφωθούν 
κατευθύνσεις για μελλοντική έρευνα. 

Για την επίτευξη αυτών των στόχων, υιοθετήθηκε η μεθοδολογία συστηματικής 
χαρτογράφησης, με βάση τις κατευθυντήριες γραμμές των Petersen et al. (2015) και 
Kitchenham (2007). Η ανασκόπηση βασίστηκε σε ένα δομημένο πρωτόκολλο αναζήτησης και 
επιλογής βιβλιογραφικών πηγών, το οποίο εφαρμόστηκε σε πλήθος επιστημονικών βάσεων 
δεδομένων. Οι όροι αναζήτησης ορίστηκαν με χρήση Boolean λογικής, ενώ η επιλογή των 
μελετών έγινε με βάση αυστηρά κριτήρια συμπερίληψης και αποκλεισμού. Η διαδικασία 
υλοποιήθηκε με την υποστήριξη του λογισμικού StArt για τη διαχείριση και αξιολόγηση των 
αποτελεσμάτων. Επιπρόσθετα, εφαρμόστηκαν τεχνικές "snowballing" για τον εντοπισμό 
σημαντικών μελετών που ενδεχομένως δεν περιλαμβάνονταν αρχικά στις βάσεις 
δεδομένων. Τελικό αποτέλεσμα της διαδικασίας ήταν η επιλογή 57 υψηλής ποιότητας 
επιστημονικών άρθρων, δημοσιευμένων μεταξύ 2000 και 2025, τα οποία και αποτέλεσαν το 
σώμα προς ανάλυση. 

Η κατηγοριοποίηση των άρθρων πραγματοποιήθηκε πολυδιάστατα, λαμβάνοντας υπόψη το 
είδος της μεθοδολογίας, τους τύπους εξοπλισμού που αναλύονται, το είδος του έργου 
εφαρμογής, τους στόχους βελτιστοποίησης, το ερευνητικό είδος (θεωρητικό, εφαρμοσμένο, 
επαληθευτικό κ.λπ.) και τα τεχνολογικά εργαλεία που χρησιμοποιούνται. Η ανάλυση έδειξε 
πως η πλειονότητα των μελετών εστιάζει στην ελαχιστοποίηση κόστους και χρόνου μέσω 
τεχνικών προσομοίωσης (DES, Monte Carlo) και πολυαντικειμενικής βελτιστοποίησης 
(NSGA-II, EMO). Οι τεχνικές υποστήριξης απόφασης, οι μέθοδοι πολυκριτηριακής ανάλυσης 
(AHP, PROMETHEE) και η τεχνητή νοημοσύνη χρησιμοποιούνται επίσης, αν και λιγότερο 
συστηματικά. 
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Ιδιαίτερο ενδιαφέρον παρουσιάζει το εύρημα ότι μόνο μικρό ποσοστό μελετών 
ενσωματώνει περιβαλλοντικά κριτήρια (π.χ. κατανάλωση καυσίμου, εκπομπές CO2), χωρικά 
δεδομένα (π.χ. αποστάσεις μεταφοράς) ή δείκτες ποιότητας. Αντιθέτως, παρατηρείται 
σχετική μονομέρεια στον στόχο ελαχιστοποίησης κόστους, με την παραγωγικότητα και την 
ανθεκτικότητα του εξοπλισμού να αντιμετωπίζονται αποσπασματικά. Σε επίπεδο 
εξοπλισμού, καταγράφεται έντονη υπερεκπροσώπηση των εκσκαφέων και των φορτηγών, 
ενώ πιο εξειδικευμένα μηχανήματα όπως ισοπεδωτές, γερανοί ή μηχανήματα ανακύκλωσης, 
παραμένουν ερευνητικά αμελέτητα. 

Σε ό,τι αφορά τη φύση των μελετών, το μεγαλύτερο μέρος ταξινομείται ως «Evaluation 
Research», δηλαδή εφαρμοσμένη έρευνα με χρήση πραγματικών ή ημι-πραγματικών 
δεδομένων. Ακολουθεί η «Validation Research», η οποία περιλαμβάνει την προτυποποίηση 
και τη δοκιμή νέων μεθόδων χωρίς πρακτική εφαρμογή. Εντυπωσιακή είναι η απουσία 
θεωρητικών ή φιλοσοφικών πλαισίων, γεγονός που υποδηλώνει την ανάγκη για 
συστηματοποίηση της επιστημονικής γνώσης και διαμόρφωση ενιαίων πλαισίων 
αξιολόγησης. 

Γεωγραφικά, παρατηρείται συγκέντρωση των δημοσιεύσεων στον Καναδά, τις ΗΠΑ, το Ιράν 
και την Ινδία. Το δίκτυο συγγραφέων παρουσιάζεται κατακερματισμένο, με μικρές 
ανεξάρτητες ερευνητικές ομάδες και χαμηλό επίπεδο δια-ομαδικής συνεργασίας. Αυτό 
υποδεικνύει ευκαιρίες για ανάπτυξη διεπιστημονικών και διακρατικών συνεργειών, καθώς 
και για καλύτερη μεταφορά τεχνογνωσίας. 

Η παρούσα ανασκόπηση συνέβαλε στη δημιουργία ενός συστηματικού χάρτη της 
υφιστάμενης έρευνας και εντόπισε ουσιώδη κενά, όπως: 

α) η απουσία ολοκληρωμένων πλαισίων υποστήριξης απόφασης που συνδυάζουν κόστη, 
περιβαλλοντικές επιπτώσεις και αποστάσεις, 

β) η ελλιπής εφαρμογή τεχνολογιών τεχνητής νοημοσύνης και μηχανικής μάθησης σε 
πραγματικά δεδομένα έργων, 

γ) η μονομερής μελέτη εξοπλισμού περιορισμένων κατηγοριών, 

δ) η μη αξιοποίηση χωρικών πληροφοριών για τη βελτιστοποίηση της εσωτερικής 
εργοταξιακής διάταξης. 

Η αξία της εργασίας αυτής είναι διττή: Πρώτον, προσφέρει μια ενοποιημένη και δομημένη 
αποτύπωση του επιστημονικού πεδίου, αποτελώντας εργαλείο για ερευνητές και 
επαγγελματίες που επιθυμούν να εμβαθύνουν ή να υιοθετήσουν σύγχρονες μεθοδολογίες 
επιλογής εξοπλισμού. Δεύτερον, επισημαίνει προτάσεις για τη μελλοντική έρευνα, 
εστιάζοντας στην ανάπτυξη ενοποιημένων, προσαρμοστικών και πολυκριτηριακών 
συστημάτων υποστήριξης απόφασης (Decision Support Systems - DSS), που θα 
ενσωματώνουν δεδομένα πραγματικού χρόνου, τεχνητή νοημοσύνη και περιβαλλοντικές 
επιδόσεις. 

Εν τέλει, το περιεχόμενο αυτής της μελέτης έχει τη δυνατότητα να συμβάλει ουσιαστικά στην 
τεκμηριωμένη και βιώσιμη διαχείριση του εξοπλισμού σε έργα πολιτικού μηχανικού, 
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ενισχύοντας τόσο την τεχνική ακρίβεια όσο και την περιβαλλοντική και οικονομική 
αποδοτικότητα των σύγχρονων υποδομών 

Λέξεις-Κλειδιά: επιλογή εξοπλισμού, χωματουργικές εργασίες, βελτιστοποίηση, υποστήριξη 
απόφασης, προσομοίωση, διαχείριση στόλου, τεχνητή νοημοσύνη, πολυκριτηριακή 
ανάλυση 
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2. Earthwork 

Earthworks are a critical aspect of heavy construction engineering, involving the excavation, 
movement, and handling of soil. They occupy only  a short period of the total project duration 
but come with a high cost (Belayutham et al., 2017). They make up around 20% to 30% of the 
overall construction expenses (Hare et al., 2011)(C. Liu et al., n.d.). Typically, these operations 
are performed in the initial phases of large-scale construction projects. The effectiveness of 
these early earthmoving tasks significantly influences the progression of subsequent project 
activities. Moreover, these operations demand costly heavy machinery and skilled labor. 
Therefore, enhancing the efficiency of earthmoving processes is a key priority for project 
management (Fu, 2013). According to (GARNICA Paul et al., 2019) the term Earthwork is used 
to describe a set of operational processes, including: 

- Extraction, loading, and transportation. This involves removing materials from their 
natural locations, loading them onto vehicles, and transporting them to the 
construction site or processing area. 

- Transformation and enhancement. This step focuses on modifying or improving the 
physical properties of materials to make them suitable for specific construction 
requirements, such as crushing large rocks into smaller pieces or mixing the soil with 
other materials. 

- Application, stabilization, and compaction of natural materials (such as soil and rock), 
as well as secondary or recycled materials, to achieve stable and durable cuts and fills.    

Earthworks activities encompass the construction of groundwork for various types of 
transportation infrastructure and related facilities, including: 

- Road and highway infrastructure, 

- Railway systems, including high-speed rail lines, 

- Port and airport facilities, 

- Logistics centers and multimodal transport hubs, 

- Waterways, including major canals, 

- Hydraulic and hydroelectric structures, such as embankments, dams, and dikes. 

In the calculation of the earthwork volume the values of the individual elements of the cross-
sections are included. Those values are of the following cross-section elements (Figure 1): 

- Excavations (cuts) (m²) 

- Embankments (fills) (m²) 

- Topsoil from excavations (unsuitable excavations) (m) 

- Topsoil from embankments (unsuitable embankments) (m) 

- Slope Lining  
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2.1 Embankment Construction (Fill) 

Embankments are built to create gentle gradients for infrastructure like roads, railways, and 
canals, and to serve as flood protection or water containment structures. Constructing 
embankments requires thorough understanding of the underlying soil’s load-bearing 
capacity, the use of suitable materials, and assurance of long-term stability (Cappa et al., 
2024). This process involves site investigation, material evaluation, testing, and stability 
analysis in line with regulations. Embankments are constructed in compacted layers of soil, 
rock, or other fill materials, typically 150-200 mm thick, to achieve required strength. The top 
layers require high-quality, compacted material to support pavement and wheel loads 
without failure, while the rest of the fill must meet quality standards and be compacted close 
to maximum dry density (Javadinejad et al., 2020). 

2.2 Excavation (Cut) 

Excavation is a vital phase in construction projects, involving the removal of soil, rocks, and 
other unwanted materials to prepare a stable foundation for the structure. The term 
"excavate" refers to the process of dislodging earth material, from its in-situ1position. 
Excavation can create openings or cavities of various sizes, shapes, and configurations at 
designated locations, which may include hilly terrains, plains, deserts, croplands, forests, or 
other landscapes. Excavations may begin at, above, or below a reference ground level or 
datum, and can extend in multiple directions, horizontally, inclined, vertically upwards, or 
downwards (Tatiya, 2013). We distinguish several excavation methods, although in each 
project, the selection of the most suitable method may also derive from variations or 
combinations of these methods, according to the judgment of the engineers. The following 
sections outline several excavation methods, during earthwork activities in infrastructure 
projects.  

2.3 Topsoil 

The term topsoil typically refers to the upper level of soil, which is often darker than the layers 
below due to an accumulation of organic material (Brady. Nyle C, 1984). This layer serves 
primarily as an ideal growth medium for plants. It is the main zone for root growth and 
biological activity. A variety of microbial life that supports plant development thrives here, 
including insects, earthworms, bacteria, fungi, nematodes, and actinomycetes. As a valuable 
natural resource, topsoil is also regulated by law to be carefully removed, stored, and reused 
in ecological restoration projects on degraded mining lands (Subodh Kumar Maiti, 2013). 
Removing topsoil is an essential step in construction projects. The upper layer of soil is usually 
taken away to establish a stable foundation for construction. This process is necessary to 

 

1 In Situ, bank measure: Soil in its current on-site condition, which is assumed to have been undisturbed for 

some time. Even if it was initially compacted, it has gradually expanded over time to reach its present, stable 

state. 
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reduce the risk of erosion, create a solid base for construction activities, and allow for 
effective 

 

Figure 1: Cut & Fill Cross Section 

2.4 Earthwork Volumes Calculations 

In engineering projects, large quantities of materials need to be relocated to create the 
required embankments, excavations, foundations, basements, and other structures outlined 
in the design specifications. A key goal in choosing a specific route for a highway is to reduce 
the volume of earthwork needed for the project. Consequently, calculating the earthwork 
required for each possible route is essential during both the preliminary and final stages of 
planning (Garber and Hoel, 2009). It is crucial for engineers and surveyors to perform highly 
accurate measurements of areas and volumes involved, ensuring that precise earthwork 
quantity estimates can be incorporated into the tender documents for accurate cost planning 
(Alhamdu & Sanusi, 2013). The calculation of earthwork volume generally relies on the cross-
sectional area of the roadway, with these cross-sections representing vertical profiles 
perpendicular to the survey centerline. Each cross-section outlines an area enclosed by the 
subgrade, side slopes, and the existing ground surface, highlighting areas for excavation and 
fill. These sections are created by plotting the natural ground levels and the proposed grade 
profile along a line perpendicular to the grade line, as illustrated in Figure 2, which shows 
three types of cross-sections (Garber and Hoel, 2009) (INDOT, 2024). The cross-sectional area 
is determined using various methods, some of which are described below. To reduce the time 
and cost associated with these calculations and to enable the use of high precision analytical 
methods, the computational capabilities of computers are now being used in combination 
with specialized software.  
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Figure 2: Types of Cross-sections 

2.5 Advanced Earthwork Volume Estimation 

In this chapter, a detailed analysis of significant research papers in the field of advanced 
earthwork volume estimation is presented. The selected papers were chosen based on their 
high relevance and their focus on innovative approaches such as photogrammetry, laser 
scanning, and the integration of unmanned aerial vehicles (UAVs). 

The data required for calculating landforms is gathered from topographic surveys or ground 
measurements conducted in the field, either before or during construction. It is typical to find 
multiple layers of soil in earthworks, such as topsoil and weathered soil, weathered rock, and 
both soft and hard rock. The factors affecting costs include the volume of earthwork and the 
cost rate per layer of soil. Each soil type comes with its own excavation costs, which impact 
the overall expense of earthworks. Therefore, accurately calculating the volume for each soil 
layer is essential to efficiently allocate resources, adhere to the project timeline, and minimize 
unnecessary expenses. 

In recent years, advancements in technologies such as UAVs, LiDAR, and 3D GIS have 
significantly enhanced the efficiency of terrain mapping and data acquisition. UAVs equipped 
with LiDAR sensors enable rapid and precise scanning of the terrain at work sites, generating 
high-resolution point cloud data. By integrating this data into a 3D platform, comparisons of 
pre- and post-excavation terrain can be made, allowing for detailed 3D visualization and 
accurate calculation of excavated earth volumes. Additionally, by incorporating equipment 
operation times, it becomes possible to evaluate the efficiency of earthmoving operations 
with both speed and precision (F. Wang et al., 2023). 

 Rachmawati et al., 2023, created a simulation model capable of predicting, managing, and 
tracking excavation costs, by collecting data. They focused their research on the utilization of 
advanced technologies like GPS and UAVs for topographic surveying and accurate calculation 
of earthwork volumes by soil type. The study explored the Digital Surface Model (DSM) 
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method to create 3D models, combining surface and subsurface data to estimate excavation 
volumes precisely. Moreover, it integrated simulation techniques to monitor and manage 
excavation costs, offering a comprehensive framework for optimizing construction projects. 

The Unmanned Aerial Vehicle (UAV) is a type of aircraft engineered to function without the 
need for a human pilot on board. UAVs offer a groundbreaking approach to acquiring high-
resolution, scale-specific imagery, tailored to diverse remote sensing needs (Al-Tahir & 
Barran, 2020). 

UAVs, have become essential in road construction projects, enabling the collection of high-
resolution aerial imagery, topographic data, and volumetric calculations. Their ability to 
provide dynamic, three-dimensional representations of construction sites allows for 
enhanced project planning, defect detection, and adherence to quality standards. A notable 
advantage of UAVs is their capacity to compare as-built conditions to original designs, 
identifying discrepancies such as surface irregularities, improper grading, or drainage issues. 
UAVs are increasingly adopted for construction monitoring due to their cost-effectiveness and 
ability to streamline labor-intensive processes traditionally conducted through techniques 
like Total Station surveys or RTK GPS, which are often time-consuming and resource-intensive. 

Furthermore, Contreras et al., 2012, recognized the inaccuracies and limitations inherent in 
traditional surveying methods. For example, the cross-section method, described in 2.6.2 
chapter is restricted to use at specific survey stations and requires the assumption of uniform 
ground slopes between adjacent cross-sections.  

Chonpatathip et al., 2023, through their research outlined the comparative analysis between 
traditional surveying methods and UAV-based techniques for fill volume measurement, by 
collecting data through both traditional methods, utilizing the prismoidal formula2 and UAV-
based methods, which generate a Digital Elevation Model (DEM)3. Measurements were 
conducted on a road construction project spanning from kilometer 6+675 to kilometer 
17+275 in Nongthalay subdistrict, Muang district, Krabi province. The results revealed a 4.25% 
difference between the volumes derived from UAV-generated Digital Elevation Models (UAV-
DEMs) and the prismoidal formula, with the UAV-DEMs estimating 126.32 m³ less.  

Τhe volume calculated using the traditional method represents the anticipated compacted 
soil, while UAV-DEMs typically represent the loose soil before compaction. The calculated 
volumes cannot be directly validated against the total earthwork quantities needed, due to 
the distinction between compacted and loose soil volumes. This distinction highlights the 
importance of accurately determining the swell factor, which bridges the gap between these 
two states of soil. UAV-DEMs offer a significant advantage in this regard, as they allow for 
precise measurements of the loose soil volume directly in its current state, eliminating the 

 

2 The description and functionality of the prismoidal formula are analyzed in detail in the following chapter. 

3 Digital Elevation Model (DEM): a digital representation of the Earth's terrain surface, typically represented 

as a raster grid or triangular irregular network (TIN), where each cell or point contains elevation data relative to 

a reference datum. 
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need for assumptions about its geometry or distribution. Traditional methods, on the other 
hand, rely on generalized factors and geometric simplifications, which can introduce errors, 
particularly in irregularly shaped terrains. Additionally, the prismoidal formula is prone to 
inaccuracies, as it relies on polygonal cross-sectional areas, which may not accurately reflect 
actual field conditions. Therefore, it is premature to conclude that the traditional method is 
inherently more precise than UAV-DEMs.  

The primary outcome of photogrammetric image processing is the generation of a point cloud 
model. This model consists of numerous vertices that collectively depict the outer surface of 
objects within a three-dimensional coordinate framework. Photogrammetry software creates 
this dense collection of points to accurately represent the geometry of the scanned area or 
object (Aly et al., 2011). Wang, 2018, through his study, demonstrated successfully the 
capability of UAS-based photogrammetry to accurately measure earthwork volumes. The 
integration of GCPs significantly enhanced positional and volumetric accuracy, with average 
measurement errors within acceptable ranges. He used the Pix4Dmapper software to create 
a point cloud model in order to calculate the volume. When creating a volume object, the 
base surface of the volume is depicted by making the vertices of the base (Figure 3, Figure 4). 
The Pix4Dmapper estimates the error of volume calculation based on spatial resolution and 
the coordinate of each point. The spatial resolution depends on Ground Sampling Distance 
(GSD)4, which is the distance between two consecutive pixel centers measured on the ground. 
The Pix4Dmapper projects a grid with GSD spacing on the base of the volume. For each cell of 
the grid (Figure 5), its volume is: 

𝑽 = 𝑳 × 𝑾 × (𝑯𝟏 − 𝑯𝟐)  

Eq_ 1 

Where: 

- L = GSD = the length of the cell.  

- W = GSD = the width of the cell.  

- H1= the terrain altitude of each cell at the center of the cell  

- H2= the base altitude of each cell at the center of the cell 

 

4 Ground Sampling Distance (GSD): The GSD refers to the real-world distance represented by a single pixel 

in a digital image, typically measured in centimeters or millimeters per pixel. It determines the spatial resolution 

of the image and is influenced by the flight altitude, camera sensor size, and focal length. A smaller GSD indicates 

higher image detail and greater measurement accuracy. 
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Figure 3: Stockpile Volume Drawn in Point 
Cloud Model 

 

 

Figure 4: Trench Volume Drawn in Point 
Cloud Model (Below ground) 

 

Figure 5: Grid on the Base of the Volume (Not the Real Dimensions) 

Stephens W. Nunnally, 2014, investigated the influence of the material properties in the 
quality of 3D surface modeling. Reflective and smooth surfaces, such as water or sand, pose 
challenges due to their lack of visual features, making visual matching and re-projection 
difficult. In construction and earthwork operations, commonly encountered materials include 
sand, clay, gravel (fine and coarse grades), and rock, each with distinct textures and colors 
that impact surface reconstruction accuracy. Through his study, he evaluated the effect of soil 
type on volumetric measurement accuracy by modeling four soil types: sand, clay, fine-grade 
gravel, and coarse-grade gravel.  Results revealed that clay exhibited the smallest error in 
volumetric measurements, while accuracy decreased with increasing soil granularity and 
lighter material colors. Coarse surface textures introduced noise to the model surfaces, and 
light-colored, glossy materials caused image saturation, complicating visual interpretation. 
These findings highlight the critical role of surface material properties in achieving accurate 
volumetric modeling in photogrammetry. 

By systematically analyzing these contributions, this chapter aims to provide a clear 
understanding of the current state of research in the domain and to identify areas where 
further investigation is needed. Moreover, the discussion sheds light on how these 
methodologies align with the overarching goal of achieving efficiency and accuracy in 
earthwork volume estimation. 
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2.6 Traditional Methods for Earthwork Volume Calculation 

The estimation of earthwork volumes for road and airfield construction is traditionally carried 
out by the design engineer. This process typically involves determining the cross-sectional 
areas of cut and fill at regular intervals (e.g., every 33 meters) along the centerline. The 
volumes between these intervals are then calculated, aggregated, and visualized using a mass 
diagram. 

When performing earthwork volume calculations, it is important to note that cut volumes are 
generally measured in bank measure, while compacted fill volumes are recorded in 
compacted measure. To ensure consistency, both cut and fill volumes must be converted to 
the same unit of measurement before they are combined (Stephens W. Nunnally, 2014). 

2.6.1 Square Grid Method  

The square grid method involves subdividing the site into multiple square sections. By 
interpolating, the elevations of each section's four corners are determined (Q. Liu et al., 2021). 
To calculate earthwork volumes, the depth of cut or fill at each intersection of the grid lines, 
referred to as stations are firstly estimated. Each station is then assigned a weight based on 
its position within the grid. As shown in Figure 6, interior points—formed at the intersection 
of four grid segments—receive a weight of four, edge points—located at the intersection of 
two segments—are assigned a weight of two, and corner points are given a weight of one. 
Once the depths and weights for all intersections are identified, the average depth is 
calculated using Eq_ 2. The total earthwork volume is then obtained by multiplying this 
average depth by the grid’s horizontal area (X. Wang, 2018). Τhe accuracy of this approach 
depends on the density of the grid; smaller grid spacing generally leads to more precise 
volume estimates. 

 

Figure 6: Weighted grid for Square Grid Method 

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝑫𝒆𝒑𝒕𝒉 =
𝑺𝒖𝒎 𝒐𝒇 𝑷𝒓𝒐𝒅𝒂𝒖𝒄𝒕𝒔 𝒐𝒇 𝑫𝒆𝒑𝒕𝒉 × 𝑾𝒆𝒊𝒈𝒉𝒕

𝑺𝒖𝒎 𝒐𝒇 𝑾𝒆𝒊𝒈𝒉𝒕𝒔
 

 

Eq_ 2 
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Stephens W. Nunnally, 2014, in his book “Construction Methods and Management”, uses an 
example according to this method, to find the volume of excavation required for the area 
shown in Figure 4. Depths in parentheses represent meters.  

 

Figure 7: Square Grid Method for Earthwork Volume Calculation 

 

Table 1: Square Grid Example Solution 

Solution 

Corner 

Points 

=1.83+1.04+0.61+1.22=4.70m 

Border 

Points 

=1.77+1.59+1.40+0.92+0.85+0.92+1.07+1.46+1.46+1.68=13.12m 

Interion 

Points 

=1.52+1.40+1.28+1.49+1.22+1.10=8.01m 

Average 

Depth 

= (4.70 +(2 × 13.12) + (4 × 8.01)/48 = 1.31 m 

Area = 91.4 × 121.9 = 11,142 m2 

Volume = 11,142 × 1.31 = 14,596 m3 

 

2.6.2 Cross Section Method 

 The cross-section method entails creating cross-sectional views of both the existing and 
proposed ground levels at consistent intervals across the project site. For each cross section, 
the areas that need to be cut and filled are measured. The volume between two consecutive 
sections is then calculated by multiplying the average cut or fill area of those sections by the 
distance separating them. After calculating these volumes for each pair of sections, the total 
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cut and fill volumes are determined by summing up all the individual volumes. Historically, 
this was often done by drawing cross sections by hand and using a planimeter to measure the 
area. Today, computers streamline this process with a coordination-based approach. This 
requires identifying points with known elevations around the cross section, placing these 
points in the (X, Y) coordinate plane, where X represents the horizontal distance along the 
ground and Y represents the elevation. The area can then be calculated using the following 
formula (Levinson David et al., 2009): 

𝑨 =
𝟏

𝟐
× ∑ 𝑿𝒊

𝒏

𝒊=𝟏

(𝒀𝒊+𝟏 − 𝒀𝒊−𝟏) 
 

Eq_ 3 

Where: 

- A = Area of Cross-Section  

- n = Number of Points on Cross Section (Note: n+1 = 1 and 1-1=n, for indexing)  

- X = X-Coordinate  

- Y = Y-Coordinate  

Using this approach, earthwork volumes can be determined. The simplest way to accomplish 
this is through the average end area method, which involves calculating the average of the 
two end areas over the distance between them. Between successive cross-sections, the 
change in ground morphology is considered linear. This procedure is followed when manual 
methods are used. Projects designed by computer will be tabulated on the mass plot listing 
and these calculations are integral parts of the alignment design program. 

 

Figure 8: Trapezoidal Method for Volume Estimation 
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Considering Figure 8 we have:  

𝑨𝒓𝒆𝒂 𝑨𝑩𝑪𝑫 (𝑨𝟏) = 𝒃𝟏 𝒉𝟏 + 𝟐 (
𝟏

𝟐
(𝒛 𝒉𝟏) 𝒉𝟏) 

 

                                                            = (𝒃𝟏𝒉𝟏 + 𝒛 𝒉𝟏
𝟐)  

Eq_ 4 

Similarly, 

𝑨𝒓𝒆𝒂 𝑬𝑭𝑮𝑯 (𝑨𝟐) = (𝒃𝟏𝒉𝟏 + 𝒛 𝒉𝟐
𝟐)  

Eq_ 5 

 In compound cases we can have side slopes as z1 and z2; and not z1 = z2 = z. 

Average area of cross-section along the length (L) of the road stretch, 

𝑨 =
𝑨𝟏 + 𝑨𝟐

𝟐
 

 

Eq_ 6 

And, the required volume of earthwork, 

𝑽 =
𝑨𝟏 + 𝑨𝟐

𝟐
× 𝑳 

 

Eq_ 7 

 Where: 

- V = Volume  

- A1 = Cross section area of first side  

- A2 = Cross section area of second side  

- L = Length between the two areas 

If one end area is zero, the earthwork volume resembles a pyramid, and the appropriate 
formula to use would be: 

𝑽 =
𝑨 × 𝑳

𝟑
 

 

Eq_ 8 

 A more accurate formula which uses the Simpson’s formula is the following: 

𝑽𝒑 =
𝑳(𝑨𝟏 + 𝟒𝑨𝒎 + 𝑨𝟐)

𝟔
 

 

Eq_ 9 

Where: 
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- Vp = Volume given by the prismoidal formula5 

- Am = Area of a plane surface midway between the two cross sections 

It should be noted that Simpson’s formula provides the volume of the shape under the 
condition that the two surfaces, A1 and A2, are parallel to each other (i.e., cross-sections 
perpendicular to the road axis). The area of the plane surface midway between the two cross 
sections (Am) is calculated according to: 

𝑨𝒎 = (
√𝑨𝟏 + √𝑨𝟐

𝟐
)𝟐 

 

Eq_ 10 

 From Eq_ 9 and Eq_ 10 and after appropriate conversions, it follows that: 

𝑽 = 𝑳(
𝑨𝟏 + √𝑨𝟏𝑨𝟐 + 𝑨𝟐

𝟑
) 

 

Eq_ 11 

 

2.7 Earthwork Parameters 

For accurate earthwork computations, both mandatory and optional data are required. These 
data are outlined as earthwork parameters. When subsurface information is available, end 
areas for each material within the cut are calculated and serve as the foundation for volume 
determinations. 

 Since excavation increases the volume of material, it is necessary to use the appropriate 
factors to determine the volume of material that will be created. There are three principal 
conditions or states in which earthmoving material may exist: 

- Bank, is the volume of the material in its natural state before disturbance. 

- Loose, is the volume of the material that has been excavated from its undisturbed 
state is larger than its corresponding bank volume. 

- Compacted, this is the final volume of the soil after it has been placed and compacted. 
It is less volume than the bank condition due to it being more compacted than when 
it was at rest and is much less than the bank volume. 

The transition between these states is quantified using factors such as the swell factor (to 
calculate loose volume from bank volume) and the shrinkage factor (to determine compacted 
volume from bank volume). These parameters are critical in accurately estimating the 

 

5 Prismoidal Formula: The prismoidal formula applies to a prismoid, which is a solid with two 

parallel bases of differing shapes and areas, connected by faces that are either planar or ruled surfaces. 

This formula is commonly used to calculate the volume of such solids. 
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volumes of material for excavation, transportation, and placement, enabling the efficient 
planning and execution of earthmoving operations. 

The following images (Figure 9, Figure 10) illustrate the process of earthmoving and the 
changes in soil volume and density through different stages: Bank, Loose, and Compacted. In 
the Bank state, the soil consists of a natural structure with water, air, and solid particles. When 
excavated and transformed into the Loose state, soil particles become more dispersed, 
increasing air voids and, consequently, the total volume. During compaction, the soil’s volume 
decreases as particles are tightly packed, reducing air spaces and increasing density. This state 
achieves the target compaction for construction fill (Onyelowe et al., 2021). The machines 
involved in the earthmoving process will be analytically explained in the following chapters. 

 

 

Figure 9: Soil volume changes during excavation, transport, and compaction: 
from in-situ (bank) to loose and compacted conditions 

 

 

Figure 10: Visual representation of soil handling phases: excavation (bank), 
hauling (loose), and compaction. 

 

2.7.1 Swell Factor 

The swell factor (ε) expresses the difference between the compact volume and the loose 
volume of a material of specific weight. The swell factor is calculated according to DIN 
24095:1983 (ε < 1) or according to ISO 9245:1991 (ε > 1). The volume of the material is 
determined by its specific weight γφ. The specific weight depends on the shape, size, 
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arrangement, and uniformity of the soil particles. To calculate the swell factor, the ratio of 
the specific of the soil in its natural state (γφ, in its natural position) and subsequently after 
excavation (γφ, after excavation) is used. The volume difference is expressed either as a swell 
factor or as "swell" (s), where it is measured as a percentage. The calculation should ideally 
be done from relevant tables, but it must also be verified experimentally at the site of the 
project (Pantouvakis Paris, 2019). 

Table 2: Swell Factor according to ISO 9245:1991 and DIN 24095:1983 

 ISO 9245:1991 DIN 24095:1983 

Swell 

Factor 
𝑆𝑤𝑒𝑙𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 (𝜀) =

𝛾𝜑𝑖𝑛 𝑏𝑎𝑛𝑘 𝑠𝑡𝑎𝑔𝑒

𝛾𝜑𝑖𝑛 𝑙𝑜𝑜𝑠𝑒 𝑠𝑡𝑎𝑔𝑒
> 1 𝑆𝑤𝑒𝑙𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 (𝜀) =

𝛾𝜑𝑖𝑛 𝑏𝑎𝑛𝑘 𝑠𝑡𝑎𝑔𝑒

𝛾𝜑𝑖𝑛 𝑙𝑜𝑜𝑠𝑒 𝑠𝑡𝑎𝑔𝑒
< 1 

Swell 

(%) 
𝑆𝑤𝑒𝑙𝑙 (%) = (

𝛾𝜑 𝑖𝑛 𝑏𝑎𝑛𝑘 𝑠𝑡𝑎𝑔𝑒

𝛾𝜑 𝑖𝑛 𝑙𝑜𝑜𝑠𝑒 𝑠𝑡𝑎𝑔𝑒
− 1) × 100 

2.7.2 Shrinkage Factor 

The shrinkage factor is a property assigned to specific earth materials, indicating the extent 
to which a material’s volume will change when it is compacted as fill after excavation from its 
original ground state. This factor is expressed as the ratio of the material’s initial γφ  to the 
γφ it occupies once compacted as fill. By applying the shrinkage factor, adjusted volumes for 
fill or cut are generated, which are then used in earthwork volume and mass ordinate 
calculations. The appropriate shrinkage factor is selected for each material and applied to 
calculate accurate roadway volumes. These individual volumes are subsequently summed to 
obtain the total design cross-section volume (Virginia Department of Transportation (VDOT), 
2024).  

𝑺𝒉𝒓𝒊𝒏𝒌𝒂𝒈𝒆 𝑭𝒂𝒄𝒕𝒐𝒓 =
𝜸𝝋𝒊𝒏 𝒃𝒂𝒏𝒌 𝒔𝒕𝒂𝒈𝒆

𝜸𝝋𝒊𝒏 𝒄𝒐𝒎𝒑𝒂𝒄𝒕𝒆𝒅 𝒔𝒕𝒂𝒈𝒆
 

 

Eq_ 12 

 

2.8 Mass-Haul Diagrams (Bruckner Diagram) 

A mass-haul diagram (MHD) is a graphical representation developed following the calculation 
of earthwork volumes, particularly for linear infrastructure projects like railways and 
highways. This curve illustrates the cumulative volume of excavated and embanked materials 
along the length of the project, facilitating efficient planning and management of 
earthmoving operations by indicating zones of cut and fill, optimal haul distances, and 
balancing points for material distribution (NDDOT, 2011). 

The horizontal axis (x-axis) represents the distance, typically measured in meters or stations, 
and is aligned with the horizontal scale of the project’s profile. The vertical axis (y-axis) 
displays the cumulative quantity of earthwork, expressed in cubic meters, providing a clear 
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representation of material volumes and their distribution along the project alignment 
(Department of Civil and Environmental Engineering, 2020). 

 

Figure 11: Mass Haul Diagram 

2.8.1 Earthwork Balance 

The optimization of earthworks is a systematic process involving a series of calculations 
designed to effectively allocate and balance cut and fill volumes. The primary objective is to 
minimize the volume of material transported and the distance over which it is moved. 
Achieving balance requires the systematic organization of soil movements based on the 
specific characteristics of each soil type. For a given type of material present within a defined 
section, and for all excavation sites where this material is found, corresponding movements 
are executed to supply fill areas requiring that material. Efficient and sustainable earthworks 
planning necessitate the development of a robust system for the allocation and distribution 
of cut and fill operations, ensuring optimal resource utilization and environmental 
sustainability (Villar et al., 2020a). 

Positive mass ordinates represent the surplus volume of excavated material available at a 
given station. As this material is utilized in embankment construction, the corresponding mass 

ordinates decrease. Conversely, negative mass ordinates denote the deficit of material required 

for embankment formation. As excavation continues, this deficit diminishes, resulting in an 

increase in mass ordinates. 

Points where the mass ordinate equals zero are referred to as balance points, and the 
roadway segment between two successive balance points is termed a balance. The position 
of an intermediate balance point is typically determined through linear interpolation between 
positive and negative mass ordinates. For instance, in a sample project, there are two distinct 
balances: one spanning from Station 0+00 to Station 2+17.36, and another from Station 
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2+17.36 to Station 4+00.00. Within each balance, adequate material was excavated to 
complete the embankment, accounting for the compaction factor. It is common practice for 
contractors to manage each balance individually, avoiding the transfer of material between 
balances. 

In the provided example, the mass ordinate at the project's conclusion approaches zero, 
signifying that the volume of excavated material was sufficient for constructing all required 
embankments, without necessitating additional borrow material or leaving excess waste at 
the end of the project. 

An increasing mass ordinate indicates that the volume of material being excavated surpasses 
that being utilized in embankments. Conversely, a decreasing mass ordinate reflects the 
predominance of embankment construction. Consequently, the direction of haul in a balance 
with positive mass ordinates typically moves forward (ahead-station), transporting material 
from a location with increasing mass ordinates to one with decreasing values. In contrast, for 
balances with negative mass ordinates, the haul direction is backward (back-station), moving 
material toward areas with greater demand (Wyoming Department of Transportation 
(WYDOT, 2011). 

2.8.1.1 Haul and Overhaul 

In earthmoving operations, several key terms are essential for understanding material 
transport. The Haul Distance (d) refers to the linear distance between the excavation site and 
the deposition point of the material. The Average Haul Distance (D) is defined as the distance 
between the centers of gravity of the excavated material (cut) and the deposited material 
(fill). The concept of Haul quantifies the total work required for material transport and is 
mathematically expressed as ∑ 𝑣 · 𝑑 = 𝑉 · 𝐷 where 𝑉 represents the total volume of 
excavation, and 𝑑 denotes the individual haul distances.  

In road grading contracts, it is typically specified that the contractor will be compensated at a 
fixed rate per cubic meter for tasks such as excavation, transportation, and deposition of 
materials. This payment applies irrespective of the hauling distance, provided it remains 
within a predefined limit known as the "free haul distance." The free haul distance can range 
from as short as 100 meters to over 900 meters, depending on project specifications. Should 
the hauling distance exceed the designated free haul limit, a condition referred to as 
"overhaul," additional compensation may be authorized to account for the increased 
transportation effort (Dutta et al., 2020). Overhaul can be mathematically expressed as 𝑉 ·
(𝐷 − 𝐹𝐻𝐷).  

A mass haul diagram serves as an essential tool in these scenarios, offering insights into the 
quantity of overhaul and facilitating the optimization of material distribution to ensure 
economic efficiency throughout the project. An example is illustrated in the following picture. 

2.8.1.2 Limit of Economic Haul 

For projects involving long hauling distances, it may prove more cost-effective to dispose 
excess material or utilize borrow sources rather than incurring the expenses associated with 
overhauling. By equating the combined cost of excavation and overhaul to the cost of sourcing 
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material from both the roadway and borrow pits, the economic haul limit for embankment 
construction can be determined. The following variables are defined for this calculation. 

Where: 

- c = Cost of roadway excavation per cubic meter 

- b = Cost of material from borrow sources per cubic meter 

- h = Cost of overhaul per cubic meter per station 

- x = Economical haul distance limit. 

The equations represent two scenarios for the cost associated with transporting and using 1 
m³ of material: 

I. The cost of excavating and hauling material from the cut to the fill: 

𝑪𝒐𝒔𝒕 = 𝒄 + 𝒉 · 𝒙  

Eq_ 13 

Here, ℎ · 𝑥 represents the hauling cost as a function of distance. 

II. The cost of excavating, wasting the material, and replacing it with borrow material for 
the fill: 

 

𝑪𝒐𝒔𝒕 = 𝒃 + 𝒄  

Eq_ 14 

 To determine the economical overhaul distance 𝑥, we equate the two cost scenarios: 

𝒄 + 𝒉 · 𝒙 = 𝒃 + 𝒄 

𝒉 · 𝒙 = 𝒃 

` 

𝒙 =
𝒃

𝒉
 

 

Eq_ 15 

 This 𝑥 represents the maximum distance where overhauling remains economically viable. 
Adding the free haul distance (FHD) to 𝑥, the total Limit of Economical Haul is: 

𝑳𝒊𝒎𝒊𝒕 𝒐𝒇 𝑬𝒄𝒐𝒏𝒐𝒎𝒊𝒄𝒂𝒍 𝑯𝒂𝒖𝒍 =  𝒙 + 𝑭𝑯𝑫  

Eq_ 16 

Beyond which it is more economical to use (waste + borrow) rather than to pay for over 
hauling.  
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Figure 12: Mass Curve Diagram Details with LEH and FHD 

To conclude, the mass curve diagram serves as a powerful analytical tool in earthmoving 
operations, providing a clear representation of material movement and volume balance. The 
correlation between ascending and descending slopes with cuts and fills, respectively, allows 
for precise interpretation of excavation and embankment requirements. The difference in 
height between ordinates quantifies volumes, while intersections with the baseline indicate 
balanced conditions. Moreover, the interpretation of loops as forward or backward haulage 
adds a dynamic dimension to planning and optimization. These principles underscore the 
diagram's importance in achieving efficient and cost-effective project execution, making it an 
essential component of any earthmoving analysis. 
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2.8.2 Tools for Calculating Mass Haul Diagrams 

The use of advanced software tools has significantly enhanced the accuracy and efficiency of 
calculating and visualizing mass haul diagrams in earthmoving operations. These tools aid 
engineers in optimizing material movement, reducing costs, and improving project timelines. 
The following is a brief overview of two software tools that garnered the most interest within 
the scope of this research. 

2.8.2.1 Autodesk Civil 3D   

Autodesk Civil 3D is a comprehensive civil engineering design and documentation software 
that provides powerful tools for designing, analyzing, and visualizing infrastructure projects. 
It is widely used for transportation, land development, water, and environmental projects. 
Civil 3D offers features such as, dynamic modeling, since it allows real-time updates to 
designs, ensuring that changes in one part of the project automatically adjust related 
components (e.g., alignments, profiles, corridors). It also includes mass haul analysis, 
earthwork calculations, visualization and presentation. It supports 3D modeling and 
rendering, allowing users to create detailed, visually compelling project representations. Civil 
3D is highly valued for its ability to streamline workflows, reduce design errors, and enhance 
project collaboration, making it a key tool for civil engineers and designers (Autodesk Civil3D).  

Autodesk Civil 3D provides a detailed user guide for the Mass Haul Diagram feature, offering 
step-by-step instructions to help users maximize its functionality. Additionally, the official 
website showcases the following diagram, illustrating the capabilities and applications of the 
Mass Haul Diagram tool in real-world projects.  

Within the Civil 3D environment, users can explore and analyze the two methodologies for 
comparing free haul volume and overhaul volume, the Grade Points Method, and the Balance 
Points Method as presented in the site (Autodesk Civil3D, n.d.)  and according to (Dutta et al., 
2020).  

I. Grade Points Method 

Grade points refer to specific stations where the project design shifts from a cut to a fill 
condition or vice versa. In a mass haul diagram, a grade point represents either the peak or 
the trough within a mass haul segment. At the peak, the profile transitions from a cutting 
phase to a filling phase, while at the trough, it transitions from a filling phase to a cutting 
phase. The grade points method for determining free haul involves drawing a horizontal line 
representing the length of the allowable free haul distance. This line is aligned parallel to the 
balance line and tangential to the mass haul curve. The volume enclosed between this 
horizontal line and the mass haul curve corresponds to the free haul volume. 

In the displayed illustration Figure 13, the green regions represent the free haul volumes, 
while the red regions denote the overhaul volumes. Magenta circles and arrows highlight the 
grade points along the mass haul curve and the corresponding profile. Vertical magenta lines 
are used to demonstrate the connection between the mass haul diagram and the profile in 
the context of the grade point balancing approach. 
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Figure 13: Grade Points Method in Civil 3D 

II. Balance Points Method 

Balance points are the locations along the project alignment where the total volumes of cut 
and fill are exactly balanced. In a mass haul diagram, these points are situated along the 
balance line, representing areas where the net material volume reaches zero. Using the 
balance points method to measure free haul involves duplicating the mass haul line and 
shifting it horizontally by the specified free haul distance. This shift is directed to the right 
when the project transitions from a cut phase to a fill phase or to the left when transitioning 
from a fill phase to a cut phase. These adjustments help visualize the free haul volume 
effectively within the mass haul diagram. 

In Figure 14, the green sections represent the free haul volumes, while the red sections 
indicate the overhaul volumes. The arrows depict the free haul distances corresponding to 
both cut and fill scenarios. 

 

Figure 14: Balance Point Method in Civil 3D 
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2.8.2.2 Anadelta Tessera 

 Anadelta Tessera is a comprehensive software solution for road design and construction. It 
seamlessly guides the user from topographic base data to alignment design and the 
production of detailed elements and tables. The software uniquely integrates 2D and 3D 
AutoCAD alignment functionalities into a single, cohesive environment. When it comes to 
earthmoving operations, Anadelta Tessera offers a robust suite of tools and information. It 
begins by generating the earthwork volume table, followed by the computation of surface 
diagrams and Bruckner mass haul diagrams. Through a specialized interface, the software 
enables the input and optimization of distribution lines, determining their optimal placement 
and calculating the mass haul table. This table provides critical data for the estimation of 
excavation and hauling costs. Anadelta Tessera combines automated calculation processes 
with user-driven customization, allowing for the visualization of specific project conditions. 
The Bruckner (MHD) diagram is generated parametrically and includes all necessary details 
for analysis. This iterative process facilitates the continuous optimization of the alignment 
itself, making the software a powerful tool for both planning and decision-making in road 
construction projects.  

After downloading the trial version, users encounter the Demo examples, which serve as 
introductory case studies to familiarize them with the software's functionalities and 
workflow. To conduct a comprehensive road design study, the user follows a structured 
process: inputting geometric data from existing layouts or topographic surveys, designing the 
road’s horizontal and vertical alignments with advanced drafting tools, calculating earthworks 
through automated section generation and volume estimation, and creating a Mass Haul 
Diagram for optimal material distribution.  

  

Figure 15: Terrain Model with Proposed Alignment overlaid on Elevation Contours on 
Anadelta (Demo_1) 
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Figure 16: Bruckner Diagram in Anadelta for Demo_1 

Figure 16 presents an excerpt from the Bruckner diagram of the horizontal alignment in Figure 
15, as generated by the Anadelta Tessera software. The information provided includes the 
Chainage, the Stations, the Interval Length, the Cutting and Filling Areas, the Self-
Distribution6, the Cutting and Filling Volumes, the Volumetric Difference, and the Bruckner 
Value. The diagram's elements are derived from the quantities calculated during the cross-
section analysis within the Cross-Section workspace.  

 

Figure 17: Cross Section in Cut & Fill 

 

6 This term refers to the process of balancing excavation materials (cut volumes) and embankment 

requirements (fill volumes) within the project. The surplus materials from excavations are directly 

transferred to areas requiring fill, without the need for external disposal sites or borrow pits. 
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Figure 18: Cross Section in Fill Area 

The cross-sections 5 and 7 as shown in Figure 17and Figure 18 , provide the data incorporated 
into the Bruckner diagram. The green line represents the natural ground level, while the red 
line corresponds to the road profile. Detailed information about the road's properties is 
presented, including the left and right pavement width, left and right shoulder width, slopes, 
the percentages of soil layers, and data regarding the excavation and embankment volumes.  

In Anadelta Tessera Software, balance lines are critical for illustrating how surplus materials 
from excavation areas (cuts) are distributed to fill zones (embankments) within a project. 
These lines provide a graphical representation of the balance between material volumes, 
ensuring efficient allocation of resources and minimizing external borrow or waste 
requirements. The balance line can be adjusted vertically, and its length varies to ensure it 
begins and ends at the cube line7 (volume balance of earthworks). Each line defines the 
borrow or deposition areas, as well as the start and end points of material transfer. 
Additionally, the diagram calculates and displays the areas (in cubic kilometers) 
corresponding to the convexities or concavities, along with the respective chainage positions 
(CH) of each section. The software allows for the insertion of multiple balance lines, ensuring 
they do not overlap in the horizontal direction. It also provides functionality for modifying the 
number of segments intersected by a line and relocating the line to new positions to optimize 
distribution. A particularly useful feature of the software is the balance line optimization, 
which enables the automatic determination of the ideal position for the line to minimize 
earthwork movements and, consequently, the overall transportation cost. 

The data entered through the "Road Properties" dialog box (Figure 19) in the Bruckner tab is 
directly linked to the creation and functionality of distribution lines. The parameters displayed 
in the interface critically influence the diagram's configuration and the determination of the 
optimal distribution line (Anadelta Tessera, n.d.).  

 

7 The cube line represents the cumulative balance of earthwork volumes along the chainage (CH) 

of the project. 
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Figure 19: Road Properties Dialog Box in Anadelta 

 

Figure 20: Balance Lines 

 

Figure 21: Bruckner Diagram, each Color depicts the Volume distributed 

In Figure 20, the data from the Bruckner diagram is presented as extracted from the software. 
Analyzing the findings in this image provides a clearer perspective on the distribution lines 
and the allocation of earthworks. The distribution lines are displayed in yellow. From chainage 
0 to 0+103.8 and from 1+723.70 to 1+724.24, borrow materials are required from borrow pits 
(depicted as faint dashed lines in the diagram). The sections of the Bruckner line that lie 
outside the compartments represent locations where excavation surpluses must be removed 
and deposited—referred to as waste deposits (ascending branches)—as well as locations 
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where earthworks must be transported from borrow pits to fill embankments—referred to as 
borrow areas (descending branches). 

The direction of the yellow arrows (Figure 20) indicates the movement of earth: from 
chainage 889.78 to 0+103.80, from 0+760.55 to 150.55, from 0+889.78 to 1+591.37, and from 
1+723.70 to 1+591.37. The distances between chainages under 100 meters, which we defined 
as the free haul distance in the Road Properties (see figure), are also displayed in the Bruckner 
diagram of Anadelta Tessera. These include: 

- from 0+852.46 to 0+760.55 

- from 0+540.75 to 0+440.75 

- from 0+514.86 to 0+456.69 

- from 0+521.93 to 0+514.86 

- from 1+196.58 to 1+296.58 

- from 1+697.34 to 1+597.34 

As previously mentioned, a distribution line is defined as any straight line parallel to the 
horizontal axis (x-axis) that intersects the Bruckner diagram at least at two points, thereby 
determining the movement and distribution of earthworks. In the image, the areas enclosed 
by the distribution lines are highlighted with colors. For instance, the area between chainages 
0+103.80 and 0+889.78 (x-axis), and between the volumes -1841.38 and -5556.98 (y-axis), is 
marked in red. This enclosed area equals 2767.96 km·m³. 

The volume difference for this region is calculated as: 

𝑽 = |−𝟓𝟓𝟓𝟔. 𝟗𝟖 − (−𝟏𝟖𝟒𝟏. 𝟑𝟖)| = 𝟑𝟕𝟏𝟓. 𝟓𝟏 𝒎𝟑  

Eq_ 17 

 By dividing the area enclosed between the two distribution lines by the volume difference 
calculated above, the Average Haul Distance (A.H.D.) is determined. This represents the 
weighted average distance over which the surplus earth is transported for the red region. It 
is calculated as follows:  

𝑨. 𝑯. 𝑫 =
𝟐𝟕𝟔𝟕. 𝟗𝟔 𝒌𝒎 · 𝒎𝟑

𝟑𝟕𝟏𝟓. 𝟓𝟏 𝒎𝟑
= 𝟎. 𝟕𝟒𝟓 𝒌𝒎 

 

Eq_ 18 

 Subtracting the free haul distance Lf from the A.H.D. yields the overhaul distance, as 
explained earlier: 

𝑶𝒗𝒆𝒓𝒉𝒂𝒖𝒍 𝑫𝒊𝒔𝒕𝒂𝒏𝒄𝒆 = 𝑨. 𝑯. 𝑫. −𝑭𝒓𝒆𝒆 𝑯𝒂𝒖𝒍 𝑫𝒊𝒔𝒕𝒂𝒏𝒄𝒆
= 𝟎. 𝟕𝟒𝟓 − 𝟎. 𝟏𝟎𝟎 = 𝟎. 𝟔𝟒𝟓 𝒌𝒎 

 

Eq_ 19 

 Thus, the 0.645 km is the distance considered for the calculation of transport costs after 
excluding the portion of the distance not subject to economic costs. 
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2.8.3 Moment of Transport (MTκ) 

The Moment of Transport 𝑀𝑇𝐾 (in m3×km), (is defined as the product of the distance traveled 
(km) and the volume of material (m3) associated with a specific movement (Mk). This 
parameter serves as a comparative metric for evaluating and optimizing earthworks balance 
scenarios. Efficiency in soil movement increases when the number of movements is 
minimized, their individual volumes are maximized, and the distances traveled are reduced. 
It is important to note that the Moment of Transport is a theoretical construct rather than a 
direct physical measurement. It represents a conceptual measure of the effort or cost 
associated with transporting a specified volume of material (V) for a given movement (Mk) 
across a defined distance (d, measured in kilometers) (Villar et al., 2020a). 

𝜧𝜯𝜿 = 𝑽 · (𝑨. 𝑯. 𝑫 − 𝑭. 𝑯. 𝑫) = 𝟑𝟕𝟏𝟓. 𝟓𝟏 · 𝟎. 𝟔𝟒𝟓 = 𝟐𝟑𝟗𝟔. 𝟒 𝒌𝒎 · 𝒎𝟑  

Eq_ 20 

Eq_ 20 represents the total effort required to transport a volume of 3715.51 m³ over a net 
distance of 0.645 km, beyond the free haul distance zone.  This analysis results in Table 3, 
summarizing the data for the entire Bruckner diagram used in this example. It provides a 
detailed breakdown of the movement of surplus and deficit materials across different 
chainages, along with associated metrics such as Average Haul Distance (A.H.D.) and the 
effort required in km·m³. 

Table 3: Earthwork Distribution Table 

Chainage Earthwork Transfers Waste Borrow 

  x<=0.100 x>0.100     

1 2 3 4 5 6 7 8 9 

From To m3 m3 A.H.D (km) A.H.D - 0.100 km*m3 m3 m3 

0+000.00 0+103.80             1841,38 

0+889.78 0+103.80   3715,51 0,745 0,645 2396,4     

0+760.55 0+150.55   8550,06 0,33 0,23 1967,28     

0+852.46 0+760.55 1552,66             

0+540.75 0+440.75 486,04             

0+514.86 0+456.69 256,93             

0+521.93 0+514.86 12,41             

0+889.78 1+591.37   17850,08 0,417 0,317 5658,64     

1+196.58 1+296.58 3948,63             

1+723.70 1+591.37   444,69 0,113 0,013 5,78     

1+697.34 1+597.34 1299,29             

1+723.70 1+724.24             0,23 

Total: 7555,96 30560,86     10027,43   1841,61 

 

Since the cost of transport is always proportional to the distance of transport, the transport 
expenditure is equal to the product of the haul effort (measured in km·m³) and the cost per 
cubic meter of material transported over one kilometer. Assuming, as is typically the case, 
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that the cost of transporting 1 m³⋅km is uniform across all excavation products, it follows that 
the transport cost is directly proportional to the haul effort. 

Consequently, the optimal (most favorable, desirable) distribution line—the line that 
minimizes the total transport cost of earthworks—is the one that minimizes the total sum of 
the areas enclosed within the compartments of the Bruckner diagram. The software 
generates the optimal distribution line; however, we will analyze the logic behind determining 
the optimal distribution line that is automatically produced by Anadelta. 
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3. Heavy Machinery for Earthwork Activities 

Earthmoving tasks can involve various activities, such as preparing the site, digging, building 
embankments, filling back excavated areas. Other key steps include compacting materials and 
surfacing roads. The efficiency of these processes depends on the equipment employed and 
the surrounding environmental conditions, which together determine the labor and machine 
hours needed to accomplish the work.  

By mentioning earthmoving equipment, we refer to large, self-powered machinery utilized in 
civil construction projects (Sherafat et al., 2020). To create accurate estimates, it’s crucial to 
first identify the most effective operational approach and select suitable equipment. Each 
machine is engineered for specific mechanical functions, so the choice of equipment should 
prioritize both operational efficiency and availability.  

3.1 Equipment Selection  

Proper equipment selection is crucial to achieving efficient earthmoving and construction 
operations. The initial step in selecting equipment requires ensuring the machine is suited to 
the specific work (Aziz & Aboel-Magd, 2015). Construction firms have occasionally faced 
bankruptcy due to relying solely on personal judgment when selecting equipment for a 
project, rather than adopting research-backed methods or collaborating with a 
multidisciplinary team (Shehadeh et al., 2022a). Contractors frequently draw on their prior 
experience, as well as data and statistics from previous projects, to inform their selection of 
earthmoving equipment for new projects. While this method can be suitable during the 
project's initial conceptual phase, it may not always be sufficient for more detailed planning 
(Sherafat et al., 2020). 

Construction equipment is engineered by manufacturers to perform specific mechanical 
functions that align with these activities. Each category of earthmoving, excavation 
equipment follows a standard set of mechanical operations. For example, all front-end 
loaders operate in a similar fashion. They are designed to scoop material from ground level, 
transport it, lift it, and then dump the load forward. Whether it is a loader from Caterpillar, 
Case, or JCB, their functional mechanics are essentially the same. However, using a front-end 
loader to dig a deep hole is an incorrect application of the machine. Failing to align the 
equipment with the task often leads to inefficiency and risks damage to the machine due to 
improper use (Gransberg & Rueda-Benavides, 2020).  

3.2 Productivity  

The productivity of the equipment fleet can be the central aspect in controlling the time and 
cost of the project. Construction productivity has a wide range of applications, each having 
different meanings and definitions within different contexts (Amede, 2022). This is mainly 
because the development of this concept has gone through various processes in other 
industries. Productivity is commonly defined as the average labor hours needed to complete 
a unit of material. Perfect productivity (1.0) is a theoretical ideal achievable under flawless 
conditions, including complete planning, ideal weather, and no delays or disputes. In the 
construction industry, productivity represents the relationship between inputs (such as labor 
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costs) and outputs (work produced). Labor productivity specifically refers to the quantity of 
outputs generated by manpower within a given time frame (Gundecha, 2012)(Hajikazemi et 
al., 2017). Several factors can impact the productivity and cost of earthmoving operations 
such as; equipment utilization, fuel consumption, labor, and soil properties (Salem, 2017). 
Poor construction productivity is one of the most daunting problems for the success of 
construction projects. 

Desired productivity is a critical factor in the selection of equipment for earthmoving, 
excavation, and lifting operations. The overarching goal is to complete the planned workload 
within the specified timeline. The required hourly output of a machine is primarily determined 
by the volume of work to be executed and the speed at which it must be completed. The 
amount of time a contractor is willing or required to dedicate to excavation or earthmoving 
activities significantly influences the size and type of equipment selected. For example, when 
large volumes of soil need to be moved quickly, a larger machine is generally more efficient. 
Conversely, for smaller volumes of work, a smaller machine is more practical and cost-
effective (Gransberg & Rueda-Benavides, 2020). 

The following fundamental relationships govern equipment selection: 

- As equipment productivity increases, so do the initial purchase price, operating costs, 

and maintenance expenses. 

- Greater equipment capacity correlates with higher hourly production rates. 

- Increased productivity typically results in reduced unit costs for the work performed. 

Selecting equipment requires careful consideration of these and other factors. As efficiency 
improves, the unit cost of operations decreases, enabling contractors to submit more 
competitive bids for large-scale projects. The ultimate objective is to pair the most suitable 
machine, with optimal working capacity, to the project's budgetary and scheduling 
requirements. By achieving this alignment, contractors can enhance profitability, ensuring 
that the chosen equipment not only meets the operational demands but also contributes to 
the overall success of the project. 

Kuo Yao-chen, 2004 includes in his research Figure 22 that illustrates a complex system of 
interactions among parameters affecting the productivity of earthmoving operations during 
the excavation phase. The connections in the diagram reveal how changes in one parameter 
can influence others, creating a "cyclical" impact on overall productivity. The factors enclosed 
within black circles represent the candidate drivers, which are those known at the design 
stage. These drivers are categorized into three levels: project-level, work-zone level, and 
work-item level. For instance, in Project-Level, Project Type may influence the production 
rates of excavation operations due to variations in site layout, the size of the work, and 
strategies for traffic control. In Work-Zone Level, Work Zone Accessibility for example 
indicates that short distances and well-maintained haul road conditions lead to more efficient 
transportation of excavated materials, thereby resulting in higher production rates. Finally, in 
Work-Item Level, Work Area Quantity signifies that a larger volume of repetitive work can 
enhance efficiency and result in higher production rates, particularly for excavation 
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operations that involve highly repetitive tasks. The regular circles (without shading) represent 
individual parameters influencing productivity, such as Operator Skills, Dump Truck Size, and 
others. (In the same research, we can find a corresponding influence diagram of the 
production rate for embankments). 

 

Figure 22: Influence Diagram of the Production Rate (CY/Crew Day) for Excavation 

3.3 Earthwork Equipment  

Excavation, backfilling, loading, and transportation of earth materials in road construction 
projects can be carried out using various equipment, such as the bulldozer, scraper, 
excavator, loader, and truck. The selection of the equipment or combination of equipment to 
be used in each case depends on the soil composition, the transportation distance, the 
availability of machinery on-site, and the scale of the operations. A typical earthmoving 
process would include the following steps: 

1) a surveyor stakes the area outlining the perimeter of the work and details the depth 

of the cuts or fills 

2) a motor grader or bulldozer strips the surface of vegetation and debris removes the 

top soil layer pushing it into an out of the way stockpile to be spread when final grading 

and landscaping is done 



Systematic Review and Comparative Evaluation of Heavy Equipment Selection Techniques in Earthmoving 
Operations 

Μεταπτυχιακή Διπλωματική Εργασία – Βήττα Ιωάννα Διονυσία 
Master's Thesis – Vitta Ioanna Dionysia 

40 ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 
MSc “Infrastructure and Construction Project Management” 

 

3) the bulldozer pushes dirt into piles to be moved to areas of the site needing fill or to 

be stockpiled at a remote location 

4) several scrapers assisted by a bulldozer are used for mass surface excavation and to 

haul the excavated dirt to another location on-site 

5) a motor grader spreads the dumped dirt at the new location 

6) excavated soil is loaded into dump trucks by front-end loaders to be hauled offsite 

7) a bulldozer and motor grader are used to finish the rough leveling of the site and 

detention areas 

3.3.1 Dozers  

A tractor equipped with a front-mounted earthmoving blade is known as a dozer or bulldozer. 
Dozers (Figure 23, Figure 24), whether tracklaying crawlers or wheel tractors fitted with 
blades, are among the most fundamental and adaptable machines in the construction 
industry. Designed to deliver significant traction and drawbar pull, they are indispensable for 
tasks such as land clearing, dozing, and aiding in scraper loading. Additionally, they can be 
outfitted with rear-mounted attachments like winches or rippers to extend their functionality 
(U.S. Army Corps of Engineers, 2000). 

Crawler dozers are particularly versatile due to their low ground pressure, which allows them 
to operate efficiently across various terrains. However, for long-distance moves between 
projects or within a site, it is advisable to transport dozers on heavy-duty trailers. Operating 
them under their own power over extended distances, even at slow speeds, accelerates track 
wear and reduces their operational lifespan. Crawler dozers can handle steeper side slopes 
and climb steeper grades compared to wheel dozers. Conversely, wheel dozers excel in speed, 
operating at higher velocities than their crawler counterparts. Additionally, wheel dozers can 
function on paved roads without causing damage to the surface (Nunnally, 2007). 

- Earthmoving activities in which dozers are used: 

- Clearing of land from vegetation and roots 

- Surface scraping of soil 

- Shallow excavations  

- Material spreading  

- Short-distance soil pushing  

- Construction of access roads  



Systematic Review and Comparative Evaluation of Heavy Equipment Selection Techniques in Earthmoving 
Operations 

Μεταπτυχιακή Διπλωματική Εργασία – Βήττα Ιωάννα Διονυσία 
Master's Thesis – Vitta Ioanna Dionysia 

ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 41 
MSc “Infrastructure and Construction Project Management” 

 

- Soil loosening 

According to (Petroutsatou K. & Marinelli M., 2018) the typical production cycle is the 
following: 

1) The bulldozer positions to start excavation 

2) The bulldozer scoops or digs for the length of a pass to fill the blade 

3) The bulldozer hauls the load by rolling, crawling, pushing, or pulling 

4) The load is discharged or dumped at the desired location 

5) The bulldozer repositions to exit the dumpsite 

6) The bulldozer backtracks to the loading location. 

 

Figure 23: Wheel dozer 
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Figure 24: Crawler Dozer 

3.3.1.1 Dozer Hourly Productivity 

 The productivity of a bulldozer can be assessed through three key components: calculating 
the blade load volume, determining the travel speed (or cycle duration), and finally, 
estimating productivity while applying correction factors for operating conditions and the 
effective utilization of working hours (Klanfar et al., 2014). A common formula to estimate 
dozer production is the following8: 

𝑸𝒅𝒛 =
𝟔𝟎

𝒕𝒅𝒛
· 𝑽𝒕𝒓 ·  𝒄𝒆(𝒎𝟑

𝒉⁄ ) 
 

Eq_ 21 

 Where:  

- 𝑸𝒅𝒛= Dozer hourly productivity (𝑚3

ℎ⁄ ) 

- 𝑽𝒕𝒓= Volume of material transported by dozer (𝑚3) 

- 𝒄𝒆= Machine exploitation coefficient 

3.3.2 Scraper 

Scrapers (Figure 25) are specialized machines designed to perform loading, hauling, and 
dumping of loose materials. Their primary advantage lies in their flexibility, as they can handle 
a wide range of material types and are cost-effective across various haul distances and site 
conditions. Essentially, scrapers combine features of a bulldozer, excavator, and dump truck. 
These machines consist of an articulated, tractor-powered unit pulling a bowl that collects 
soil. Attached to the bottom of the bowl is a cutting blade that slices into the surface, allowing 
the loosened material to flow into the bowl as the scraper advances. Scrapers can load 

 

8 For machines which are intentionally or unintentionally influenced by their operators and not 

machines that continuously operate, like pumps, conveyor belts, etc. 
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material independently or with assistance from another scraper or a bulldozer (A. Kaboli & 
Kaboli, 2014), especially when it is a single engine scraper. This kind of scrapers can load to a 
limit extent without assistance, but require push loading to achieve maximum production 
(fig). 

 

Figure 25: Dozer assisted Scraper 

3.3.2.1 Scraper Hourly  Productivity 

Extensive research has been conducted on accurately predicting cycle times and production 
for fleets of scrapers, and determining optimum (minimum unit cost) configurations and 
loading practices. The calculation of the scraper's productivity is similar to that of the dozer. 

𝑸𝒔 =
𝟔𝟎

𝒕𝒔
· 𝑽𝒕𝒓 · 𝒄𝒆 (𝒎𝟑

𝒉⁄ ) 
 

Eq_ 22 

The production cycle for a scraper consists of six operations: loading, haul travel, dumping 
and spreading, turning at the dump site, return travel, and turning and positioning to load 
(Lambropoulos et al., 1996). 

𝒕𝒔 = 𝒕𝒆𝒙 + 𝒕𝒕𝒓 + 𝒕𝒖𝒏 + 𝒕𝒓 + 𝒕𝒎𝒏 (𝒎𝒊𝒏)  

Eq_ 23 

 Where: 

- 𝒕𝒔= Scraper cycle time (min) 

- 𝒕𝒆𝒙= Time needed for the excavation (min) 

- 𝒕𝒕𝒓= Time needed for transportation (min) 

- 𝒕𝒖𝒏= Time needed for unload (min) 

- 𝒕𝒓= Time needed for return (min) 

- 𝒕𝒎𝒏 = Time needed for maneuvers (min) 
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3.3.3 Trucks  

Trucks (Figure 26) play a crucial role in the earthmoving and material-handling process. Due 
to their high travel speeds, their use results in low operational costs and offers great flexibility 
in configuring the transport capacity of the machinery fleet. They are equipped with 
reinforced axles and robust tires, enabling them to navigate rough and uneven surfaces with 
ease (Petroutsatou K. & Marinelli M., 2018). 

 

Figure 26: Articulated Haul Truck 

3.3.3.1 Truck Hourly Productivity 

Dump truck production is similar to the other earthmoving equipment cycles. Trucks however 
are typically dependent on another piece of equipment to load them. Typical production cycle 
for truck (Figure 27) is the same as Eq_ 23. 

 

Figure 27: Typical Production Cycle for Trucks 

3.3.4 Other Machinery  

Beyond the core earthmoving equipment such as scrapers, trucks, and dozers, a range of 
supplementary machinery contributes significantly to the efficiency of large-scale 
construction and infrastructure projects. This category includes excavators, graders, and 
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rollers, which serve critical and often specialized roles in the execution of civil engineering 
works. 

 

Excavators (Figure 28) are among the most widely used pieces of construction equipment due 
to their versatility and adaptability to various tasks. These machines are typically equipped 
with a boom, dipper (or stick), bucket, and cab mounted on a rotating platform, allowing 360-
degree movement. They are primarily utilized for excavation purposes, including trenching, 
digging foundations, and material removal. Their hydraulic systems enable precise control, 
which is essential for operations in confined or sensitive environments (J. S. Lee et al., 2022). 

 

Figure 28: Caterpillar Excavator 

Graders (Figure 29), or motor graders, are essential for achieving fine grading in road 
construction and site preparation. They are designed with a long adjustable blade situated 
between the front and rear axles, allowing the operator to finely control the slope and level 
of the working surface. Graders are commonly employed for shaping the subgrade or subbase 
layers, establishing road crown profiles, and maintaining unpaved roads. Their importance 
lies in the precision they offer for surface leveling. 

 

Figure 29: John Deere Motor Grader 

Rollers (Figure 30), or compaction equipment, are critical in increasing the density of soil, 
asphalt, and other materials to improve load-bearing capacity and reduce settlement. There 
are various types of rollers, including smooth drum, padfoot, and pneumatic rollers, each 
suited to specific compaction tasks and soil types. Effective compaction is fundamental in 
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ensuring the stability of foundations, embankments, and pavement layers. Poor compaction 
can lead to differential settlement and early structural failure. 

 

 

Figure 30: Single Drum Roller 
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4. Systematic Review of Construction Equipment in Earthmoving 
Operations 

This chapter of the present study aims to explore and analyze the methodologies related to 
the selection, allocation, optimization, and utilization of equipment in earthmoving 
operations. Special emphasis is placed on improving the productivity of equipment fleets, 
reducing operational costs, and enhancing the overall efficiency of excavation and material 
transport tasks. At the same time, the study seeks to identify gaps in existing literature and 
propose directions for future research. 

This research adopts the Systematic Literature Review (SLR) methodology to systematically 
investigate the current body of scientific knowledge concerning the selection, management, 
and evaluation of heavy equipment fleets in earthmoving projects. Systematic mapping 
serves as a valuable tool for synthesizing and organizing existing academic knowledge, 
particularly in emerging or highly fragmented research areas. Within the context of this study, 
which focuses on fleet and heavy equipment selection methodologies, we adopted and 
adapted the systematic mapping approach in order to collect, categorize, and analyze the 
relevant published research in the field. 

The choice of this methodology was deemed essential, given that the topic of heavy 
equipment selection in construction projects is characterized by a large volume of studies 
employing heterogeneous approaches, diverse objectives, methodologies, and research 
frameworks. Consequently, the need for a comprehensive overview of the existing literature 
was critical for defining the scope of the field and highlighting dominant research trends. 

The objectives of this study were: 

- To conduct an extensive literature review of existing optimization methods for 

earthmoving operations and heavy equipment selection techniques. 

- To identify key research gaps and define the main success criteria (e.g., time, cost, 

environmental impact, etc.). 

4.1 Review Methodology 

A systematic mapping study of earthwork optimization was performed on the basis of the 
guidelines of Petersen et al., 2015; Petersen, Feldt, Mattsson, et al., 2008 and the 
recommendations of Donthu et al., 2021. Although some of these procedures are focused on 
software engineering, it was possible to employ the steps to conduct an adequate and 
unbiased literature review. The systematic mapping process that was implemented consists 
of the following key stages: formulation of research questions, retrieval and selection of 
relevant publications, keyword analysis within abstracts, and data extraction and mapping. 
Each stage yields a specific outcome, culminating in the development of the systematic map. 
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Figure 31: Mapping Study Stages 

4.2 Research Questions 

Following Petersen et al., 2015 and the mapping studies of Pinheiro & Fernandes, 2021, 
specific questions were created, based on the characteristic of the selected studies, 
highlighting subjects such as the contribution type, research type, research focus, type of 
publication, and outcomes. The following eight research questions were formulated to guide 
the research procedure. 

Table 4: Research Questions 

 
 

4.3 Inclusion and Exclusion Criteria 

In line with the guidelines of Petersen et al., 2015, the selection criteria were divided into 
inclusion (IN) and exclusion (EC) groups. 
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Table 5: Inclusion and Exclusion Criteria applied 

 

To elucidate the selection parameters in this mapping study, the following considerations 
were incorporated into the above EC.  

EC1: According to Kitchenham et al., 2009, it is believed that many important studies would 
not be published in other languages than English. By excluding articles that are not written in 
English we ensure the consistency, reproducibility, and global accessibility of the review 
process (Tranfield et al., 2003). 

EC2: Studies without available full-text versions were excluded, as it was not feasible to 
adequately assess methodological rigor, data quality, or the validity of their results based 
solely on abstracts or limited summaries 

EC4: According to Kitchenham, 2007 a primary study is an empirical study investigating a 
specific research question, and secondary studies synthesize findings from multiple primary 
sources through structured methods as systematic reviews or meta-analyses. Publications 
excluded under this criterion include, editorials, which typically offer opinion-based 
commentary without empirical data, workshop summaries or extended abstracts, which 
often lack peer-reviewed validation or methological rigor, and finally tutorials, which aim to 
educate rather than contribute new or synthesized research findings. Such documents were 
excluded because they do not meet the standards required in a systematic review, and their 
inclusion could compromise the scientific validity of the results. 

EC5: Papers without direct reference or relevance to fleet management or heavy machinery 
selection processes were excluded to maintain the focus and clarity of the research scope, 
ensuring all selected studies directly contribute to addressing the specific research objectives 
defined in this systematic review. 

Specifically, the following categories of studies were excluded from the review: 
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– Studies focusing solely on general optimization of earthmoving processes, without 

specifying or analyzing criteria or methods for selecting the required construction 

equipment. Such works (e.g., Fernandes et al., 2022; Gwak et al., 2018, 2018; Hwang 

et al., 2014; Lee et al., 2009; Lopes De Oliveira et al., n.d.; Parente et al., 2015; Villar 

et al., 2020), were deemed outside the scope of this review, as they did not adequately 

address the core research objective regarding equipment selection methodologies. 

– Studies related more broadly to construction project management, without specific 

focus on equipment. These studies emphasized aspects such as task scheduling, labor 

management, or cost control (e.g., Akintoye, 2000; Gundecha, 2012; Gurmu & 

Aibinu, 2018; Hamdy Nassar, 2018; Rustom & Yahia, 2007). 

– Studies addressing the maintenance or management of existing equipment fleets, 

without reference to decision-making processes regarding initial investment or 

replacement strategies (e.g., Marinelli et al., 2014; Petroutsatou et al., 2023; Ullah et 

al., 2015). 

– Studies focused exclusively on safety, ergonomics, or environmental impact, without 

a connection to the techno-economic evaluation or decision-making processes related 

to equipment or fleet selection. 

– Studies that focused exclusively on technical characteristics or performance 

evaluations of specific machinery types were also excluded (e.g., Argimbaev et al., 

2018; Edwards et al., 2001; EDWARDS & HOLT, 2000; Ghelmani et al., 2024; 

HELLENIC TECHNICAL SPECIFICATION, 2009; Holt & Edwards, 2015; Ingle 

et al., 2005; Kim et al., 2018; Klanfar et al., 2014; Koivunen, 2000; Li et al., 

2022; S. Q. Liu et al., 2023; Morley et al., 2013; Panas & Pantouvakis, 2010; 

Rashidi et al., 2014a, 2014b; Ren-liang et al., 2011; Sağlam & Bettemir, 2018; 

Yoo & Kim, 2017; Zhu et al., 2024a). 

 Although such studies provide valuable insights into the mechanical performance and 

specifications of equipment, those limited to purely technical analyses (e.g., engine 

efficiency, fuel consumption, mechanical design, or performance benchmarking), without 

incorporating broader methodological frameworks for equipment selection or 

comparative decision-making criteria, were considered beyond the scope of this review 

c.f.(Edwards & Holt, 2000; Kecojevic & Mrugala, 2003; Ng et al., 2016; Zhu et al., 

2024),etc., without incorporating broader methodological approaches to machinery 

selection, comparative assessment frameworks, or decision-making criteria were 

considered beyond the research scope.  

4.4 Keywords and Synonyms 

This mapping study seeks to include a broad range of relevant studies. To achieve this, 
multiple synonyms, related terms, and variations of the keywords “earthmoving,” 
“optimization,” and “fleet or heavy machinery” selection, were incorporated as outlined in 
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Table 6. It should be noted at this point that the search also included the terms “Mining 
Works,” “Mining Activities,” and “Mining Operations,” since surface coal mining is highly 
comparable to earthmoving operations. In such contexts, various types of equipment are 
used to remove large volumes of soil in order to expose the desired mineral deposit (Naoum 
& Haidar, 2000). As a result, a significant volume of relevant literature was identified through 
the inclusion of these terms. 

Table 6: Key Words and Synonyms 

 

After identifying the relevant terms for each concept in the search strategy, one or more 
structured search equations should be formulated using Boolean logic—employing the 
operators AND, OR, and NOT—to effectively combine the terms. These core equations serve 
as a foundation and may be tailored as needed when applied to different data sources. 
According to (Chris Hart, 2001), Boolean logic enables researchers to expand, narrow, or 
refine their searches by conceptually "adding, subtracting, or multiplying" terms. An effective 
search query typically integrates key descriptors along with their qualifiers, strategically 
connected through the most suitable Boolean operators. Wildcard characters are also used 
often to define families of terms with the same root and different endings and to capture 
semantic variations of the terms. 
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- The OR operator is employed to expand the search by capturing synonymous or 

closely related terms representing the same conceptual category. 

- Τhe AND operator is used to narrow the scope by retrieving records in which distinct 

concepts co-occur, thereby ensuring greater relevance to the research question. 

- The NOT operator functions as an exclusion mechanism, removing entries that contain 

specific, non-relevant terms which could otherwise introduce noise into the results. 

In cases where complex queries are required—often involving multiple operators—
parentheses are utilized to explicitly control the precedence of operations. Furthermore, 
where supported by the database's query language, proximity operators may be integrated 
to enforce term adjacency or order, enhancing the precision of the retrieved data. 

Table 7: Search Strings 
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4.5 Search Strategy 

Databases that allow keyword searches of three metadata fields (title, abstract, and 
keywords) and extraction of search results in BibTeX or Research Information Systems (RIS) 
files, were considered more suitable for our systematic review. 

Table 8: Online Databases used in this Study 

 

In IEEE Xplore, Emerald Insight and ACM, we utilized the Advanced Search feature, selecting 
the “All Metadata” field so that our search would focus on titles, abstracts, and keywords. 
The platform supports Boolean operators (AND, OR, NOT) and wildcards (*), though there is 
often a limit to how many terms can be included in a single query. To maintain a structured 
query and avoid errors, we split the synonyms into smaller lists. We also used quotation marks 
(“”) to search for exact phrases. In Scopus, we took advantage of the Advanced Search using 
the TITLE-ABS-KEY(...) syntax, which locates keywords within titles, abstracts, and article 
keywords. This database also supports Boolean operators and wildcards. In Web of Science, 
we employed the Advanced Search with TS= (), since the “Topic” field (TS) encompasses titles, 
abstracts, and keywords. With respect to ScienceDirect, there is a limit of up to eight Boolean 
operators (AND, OR, NOT) per query and no acceptance of wildcards (*), which led us to adapt 
our original search (Search String No.2). We used Advanced Search, selecting the option to 
search for keywords in titles, abstracts, and keywords (title-abstract-keywords). 

Table 9 illustrates the articles initially retrieved from each database. At this stage, no 
additional acceptance or rejection filters based on the exclusion and inclusion criteria 
mentioned above have been applied. Consequently, the table presents the initial results from 
querying the chosen keywords in titles, abstracts, and keywords. 
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Table 9: Number of Papers extracted per Database 

 

4.6 Pre-selection, Selection, and Snowball Sampling 

For the first stage of the paper selection, the software State of the Art through Systematic 
Review (StArt), version 3.0.3 was selected as a systematic review assistant because it can 
manage references using bibliographic files (BibTeX and RIS) and sufficiently fulfills all the 
requirements of this mapping study.  

StArt software provides a protocol development, which allows for the structured definition 
of objectives, research questions, and inclusion/exclusion criteria from the beginning.  

Τhe Objectives field, defines the systematic review focus of interest, i.e., the review research 
objectives. Here, the researcher must decide what he/she expects to be answered in the SR 
end. In this study the field was completed as follows: 

“This systematic review aims to investigate and analyze optimization methodologies for the 
selection, allocation, and utilization of construction equipment in earthmoving operations. The 
study focuses on strategies that enhance fleet productivity, minimize operational costs, and 
improve overall efficiency in excavation and material transport processes. Additionally, it aims 
to identify research gaps and suggest future research directions”. 

Next is the Main Question field,  

“How can computational, analytical, or decision-support methods be used to optimize the 
selection and utilization of equipment in earthmoving operations to enhance productivity, 
reduce costs, and minimize environmental impact?  

This represents the core research question to be addressed by the systematic review. It is 
important to highlight that, if the systematic review context is too wide, it may be necessary 
to decompose the research question in secondary questions to narrow the research target, 
this was also the case in our study, where the following secondary question was formulated:  

“What are the most effective methods for optimizing fleet allocation in large-scale 
earthmoving projects?”.  

Most of the challenges encountered in a systematic review can be attributed to a poorly 
defined scope. To achieve a higher level of precision in formulating research questions, it is 
beneficial to employ a formal structure that breaks these questions down into their core 
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conceptual components. Several conceptual frameworks have been proposed to support this 
process, including PICOC (Population, Intervention, Comparison, Outcome, Context) 
(Petticrew & Roberts, 2005). In the present case, the StArt software adopts the PICOC 
framework to clearly define both the main and secondary research questions with rigor and 
consistency.  

Let us now examine what each element of the PICOC framework represents (García-Peñalvo, 

2022), and how each component was defined for the purposes of this study. 

- Population: Who represents the problem or situation being addressed?  

“Earthmoving operations in construction projects, including excavation, grading, and material 
transport.” 

- Intervention: How are you considering intervening in the situation? What kind of 

options do you have to address the problem? 

 “Optimization methods for fleet management and heavy machinery selection, including 
decision-making models (AHP, Linear Programming, Machine Learning), simulation 
techniques, and automated systems (GPS, IoT-based monitoring).” 

- Comparison: What is the alternative? 

“Traditional/manual equipment selection and fleet management approaches based on past 
practitioner experience without systematic optimization methods.” 

- Outcomes: How do you measure? What do you want to achieve? 

“Improved fleet productivity, cost reduction, fuel efficiency, and environmental sustainability 
in earthmoving operations.” 

- Context: What are the roles, professional types or application areas that will benefit 

from the systematic review results? 

“Large-scale infrastructure projects, such as road construction, mining, dam projects, and 
urban development projects.” 

Subsequently, the Quality Form Fields and Data Extraction Form Fields were completed using 
predefined scales and categories, as configured within the StArt software environment. As 
shown in the corresponding forms, each key quality criterion—namely Study Relevance, Study 
Rigor, Data Reliability, and Citations & Impact—was evaluated using a five-level numerical 
scale: 5 (Very High), 4 (High), 3 (Medium), 2 (Low), and 1 (Very Low). The Publication Type 
field was categorized as either peer-reviewed, conference, or technical report, reflecting the 
level of scientific scrutiny each study had undergone. The reviewer manually selects values 
after reviewing each study’s content, since the software does not perform automatic text-
based scoring. 

In parallel, the Data Extraction Form Fields were populated with essential descriptive 
information for each study. These included the Study Objective, an overall Study Quality 
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Rating using the same five-point ordinal scale, and the Research Method, which captured 
methodological approaches such as Simulation, Optimization, Machine Learning, and 
Statistical Analysis. Furthermore, the form recorded the Type of Heavy Equipment under 
investigation (e.g., Excavators, Dump Trucks, Loaders, Bulldozers, Graders, Rollers), the 
applied Optimization Criteria (e.g., Productivity, Cost Reduction, Fuel Efficiency), and the Data 
Source Type (e.g., Experimental Study, Case Study, Theoretical Model, Simulation-Based). 
These fields were configured as either free-text or controlled selection lists, depending on the 
nature of the data to be captured. 

This structured approach to data entry facilitated consistency in the evaluation and 
categorization of the reviewed studies, contributing to the overall transparency and 
reproducibility of the systematic review process.  

 

Figure 32: Quality and Data Extraction Form Fields in StArt 

After finalizing the review protocol, the next step involved the import of bibliographic records 
into the StArt software. References were retrieved from major academic databases (Table 9), 
and were exported in standardized formats compatible with StArt (e.g., BibTeX and RIS). 
These records were then imported into the StArt environment, where the subsequent phases 
of screening, quality assessment, and data extraction would take place. 

It is important to emphasize that the majority of the inclusion and exclusion criteria (IC/EC) 
were applied during the initial search process, directly within the databases themselves, 
rather than inside StArt. This was made possible by the advanced filtering capabilities 
provided by these platforms, which allow users to restrict search results based on key 
parameters such as publication year, document type, language, subject area, and indexing 
status (e.g., peer-reviewed only). By applying these filters early on, the dataset exported to 
StArt already reflected a refined corpus of studies that met the fundamental eligibility criteria 
defined in the protocol. 



Systematic Review and Comparative Evaluation of Heavy Equipment Selection Techniques in Earthmoving 
Operations 

Μεταπτυχιακή Διπλωματική Εργασία – Βήττα Ιωάννα Διονυσία 
Master's Thesis – Vitta Ioanna Dionysia 

58 ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 
MSc “Infrastructure and Construction Project Management” 

 

This approach significantly streamlined the screening process within StArt, allowing the tool 
to be used primarily for title and abstract review, full-text screening, quality assessment, and 
structured data extraction, rather than for broad filtering. As a result, the imported dataset 
into StArt was already focused and relevant, enabling efficient classification and minimizing 
the manual workload during the early stages of review management. 

To understand better the above, Table 9 presents the total number of articles retrieved from 
the selected academic databases (e.g., Scopus, Web of Science) prior to the application of any 
inclusion or exclusion criteria. This raw dataset reflects the initial outcome of the search 
strategy based solely on keywords and logical operators, without any filtering for publication 
type, time frame, language, or relevance. 

In contrast Figure 36 illustrates the complete selection process followed during the systematic 
review. This includes the step-by-step refinement of the initial dataset, beginning with the 
removal of duplicates, followed by title and abstract screening, full-text evaluation, and the 
final inclusion of studies based on predefined eligibility criteria. The diagram offers a clear 
overview of how the pool of candidate papers was progressively narrowed down to form the 
final set of studies included in the review. 

Upon import, each reference was automatically assigned a unique identifier and listed in the 
Studies panel, where duplicates were identified and could be merged or deleted as 
appropriate.  

The initial screening phase was conducted based on titles and abstracts, in accordance with 
the inclusion and exclusion criteria previously defined in the protocol. Each study was 
reviewed manually within StArt and marked with one of the following status labels: 

- Accepted – the study met the inclusion criteria and was considered for full-text 

screening. 

- Rejected – the study was excluded based on its content, relevance, or publication type. 

- Doubtful – the study required further inspection, typically at full-text level, before a 

final decision could be made. 

Following the preliminary screening, the full texts of the accepted studies were reviewed in 
detail. Based on a second round of evaluation, the final list of included studies was 
established. These were the studies for which data extraction and quality assessment were 
subsequently carried out. 

The StArt software provides a dedicated interface—the Quality Form—which allows the 
reviewer to define custom evaluation criteria and assign scores manually. This manual rating 
process is critical, as the software does not perform automated assessment based on content; 
rather, the evaluator must read and interpret each study’s methodological and contextual 
characteristics. 
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In this review, the five key quality dimensions which were assessed previously in the protocol: 
Study Relevance, Study Rigor, Data Reliability, Citations & Impact, and an overall Study Quality 
indicator, were scored based on the five-point numeric scale according to the reviewer’s 
judgment following a thorough reading of each article. These values were entered manually 
using predefined selection lists. 

Once the scores were entered, StArt automatically calculated a cumulative quality score for 
each study by summing the numerical values of the relevant fields. This score served as a 
standardized indicator of the methodological strength of each study and was used both for 
comparative purposes and to support inclusion decisions. Studies labeled as Low (64%) or 
Very Low (9%) (Figure 33) priority were considered marginal in relevance or rigor and were 
subsequently excluded from further consideration, while those with high scores were 
considered more reliable sources of evidence, and were selected to be included in the 
following steps of the systematic synthesis and analysis. 

 

 

Figure 33: Reading Priority Diagram in StArt 



Systematic Review and Comparative Evaluation of Heavy Equipment Selection Techniques in Earthmoving 
Operations 

Μεταπτυχιακή Διπλωματική Εργασία – Βήττα Ιωάννα Διονυσία 
Master's Thesis – Vitta Ioanna Dionysia 

60 ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 
MSc “Infrastructure and Construction Project Management” 

 

 

Figure 34: Article Status in StArt 

In order to enrich the comprehensiveness of the systematic literature review, both backward 
and forward snowballing techniques were applied in parallel, following the identification of 
the 31 primary studies through database searching. Although the snowballing technique 
constitutes a valuable complement to database-driven systematic search strategies, its 
implementation within the StArt software environment is limited. StArt is primarily designed 
to manage, evaluate, and extract data from pre-imported bibliographic datasets. It does not 
offer native functionalities to automatically retrieve, track, or analyze references cited within 
included studies—a fundamental requirement for backward snowballing. As a result, the 
application of snowballing within this review had to be conducted manually and externally 
from the software 

Snowballing refers to a purposeful and structured method of discovering additional relevant 
studies by either examining the references cited within a paper (backward snowballing) or 
identifying newer papers that cite the given paper (forward snowballing) (Goodman, 1961; 
Wohlin, 2014). It is particularly useful for uncovering high-impact or semantically related 
works that may not be retrieved through traditional keyword-based search strategies, 
especially in fields where terminology is inconsistent (Badampudi et al., 2015; Felizardo et al., 
2016). This dual approach allows for both retrospective and progressive exploration of the 
literature and is particularly valuable in identifying relevant studies that may have been 
missed due to inconsistent indexing, evolving terminology, or database limitations (Biernacki 
& Waldorf, 1981; Jalali & Wohlin, 2012).     

In the first stage of the snowballing process, the 31 primary studies initially included through 
database searches served as the “seed set” for snowballing. Both backward and forward 
snowballing were performed simultaneously, using the Litmaps platform. This tool 
significantly streamlined the process by visually mapping citation relationships and providing 
direct access to each article’s references and citations, along with key metadata such as 
publication year, language, keywords, and abstract. This functionality enabled a highly 
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efficient preselection process directly within the Litmaps platform. During this phase, each 
identified article was rapidly assessed based on the exclusion criteria that could be applied 
using the platform’s metadata display. Studies were immediately discarded if they met any of 
the following conditions: 

- Published before the year 2000, 

- Written in a language other than English (EC1), 

- Not available in full-text open access (EC2), 

- The study was a book or gray literature (EC3) 

Not classified as either a primary or secondary research study (e.g., editorials, workshops, 
tutorials) (EC4), 

- Lacking any reference to fleet selection or heavy machinery (EC5). 

The articles that passed this initial filtering stage were then exported to Zotero, a free and 
open-source reference management tool used to organize bibliographic data, access full 
texts, and manage citations. Within Zotero, a second-level cleaning process was conducted, 
which involved the identification and removal of duplicate entries to ensure the uniqueness 
and integrity of the dataset. 

Through this refined screening process, a total of 79 candidate articles were identified. These 
were evaluated in greater detail, and 10 articles were ultimately included based on their 
conceptual relevance and methodological quality. These 10 articles then formed the basis for 
the second stage of snowballing, in which the same backward and forward techniques were 
reapplied—again via Litmaps—resulting in the addition of 16 further relevant studies. 

In total, the two-stage snowballing process led to the identification and inclusion of 16 
additional articles, bringing the final corpus of analyzed studies to 57 (Figure 36). This 
approach not only expanded the scope of the review but also ensured the integration of 
seminal, high-impact literature that may not have been retrieved through standard keyword-
based database searches. The use of Litmaps was instrumental in enhancing both the 
efficiency and methodological transparency of the process, enabling structured discovery 
without compromising rigor. 
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Figure 35: Snowball Sampling Procedure 
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Figure 36: Search Procedure 
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5. Answers to the Research Questions  

5.1 Research Question (RQ1) 

“What is the main topic addressed in the existing literature regarding fleet and heavy 
machinery selection methodologies in construction projects?” 

For the first research question (RQ1), the literature was classified according to its thematic 
focus using the coding system defined in Table 10. A generalized yet highly representative 
coding framework was adapted. The aim of this framework was to clearly capture the primary 
thematic focus of each paper, while maintaining a consistent structure across the entire body 
of literature reviewed. The classification was based on three core codes, carefully selected to 
reflect the main research directions found in the literature related to fleet selection and 
management of heavy construction equipment. These codes were designed to encompass 
the range of methological and analytical approaches employe in studies focusing on 
equipment configuration, fleet sizing, and productivity assessment in earthmoving and 
construction operations. and management of heavy construction equipment. Among the 
assigned categories, Fleet Size Optimization (FSO) emerged as the most prominent. Studies 
classified under FSO are characterized by their focus on determining the optimal number of 
units (e.g., trucks, loaders) needed to perform construction tasks efficiently. These studies 
typically aim to minimize total cost or maximize productivity, often through the application 
of mathematical optimization techniques. 

Table 10: RQ1 Tags Definition 
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To better illustrate the logic of this classification, consider the paper by Jrade & Markiz, 2012, 
which was coded as FSO. The authors develop a linear programming (LP) model that 
determines the optimal number of machines required for a set of earthmoving tasks. The 
model incorporates unit production costs, material volume to be moved, equipment 
productivity, and project time constraints. Based on these parameters, it returns a specific 
fleet configuration that minimizes total cost. This is a prototypical FSO study, as it focuses 
squarely on fleet sizing through optimization. 

In contrast, the paper by Naoum & Haidar, 2000 was classified under Fleet Selection (FS). The 
study presents a rule-based expert system designed to assist in selecting suitable equipment 
types for highway construction projects. Users input project-specific parameters—such as 
ground conditions, slope, and geometry—and the system suggests appropriate equipment 
categories (e.g., excavators, graders) based on predefined rules and historical knowledge. 
Importantly, the system does not calculate the number of machines, nor does it perform cost 
or productivity optimization. Instead, it focuses on the suitability of equipment types for the 
project's conditions. Although the paper utilizes a Genetic Algorithm (GA), this is employed 
not for numerical optimization of fleet size, but as a solution search engine within the expert 
system to refine the selection of equipment types. Thus, despite the presence of an 
optimization algorithm, the function it serves aligns with FS. 

Two papers were classified under the PE (Productivity Estimation) category, as their primary 
research objective revolves around accurately estimating the productivity of heavy 
construction equipment. Specifically, the paper by Ok & Sinha, 2006 proposes a machine 
learning approach, where an artificial neural network is developed and trained on field data 
to predict the productivity of various machinery types based on operational parameters. 
Similarly, the paper by Markiz & Jrade, 2016 integrates productivity estimation into a larger 
linear scheduling framework. However, at its core, the methodology emphasizes the 
calculation of production rates through equipment operation analysis, such as haul distances, 
cycle times, and equipment specifications. In both cases, the central contribution of the 
research lies in quantifying or predicting equipment productivity rather than optimizing fleet 
size or selecting equipment types, thereby justifying their classification under the PE code. 

 

Figure 37: Distribution of RQ1 Categories 
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5.2 Research Question (RQ2) 

“What are the primary research objectives pursued when applying techniques and 
methodologies for fleet and heavy machinery selection in construction project planning and 
management?” 

Research Question 2 (RQ2) seeks to identify the primary research objectives pursued in the 
final corpus of literature, which was established following the evaluation and selection 
process described in previous chapters. Specifically, it examines how various methodologies 
and techniques are applied for the selection and management of heavy construction 
equipment. To address this question, a qualitative-quantitative coding approach was 
adopted. Each article was thoroughly analyzed and assigned one or more thematic codes, 
depending on the core objective(s) addressed by its research methodology. The codes 
employed include Min. Cost/Time, Decision Making (DM), Min. Fuel/Emissions, Max. Quality, 
Resource Allocation, and Min. Earthmoving Distance (Table 11). The assignment of these 
codes was based on predefined, transparent criteria designed to ensure conceptual 
consistency and methodological objectivity. 
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Table 11: RQ2 Tags Definition 

 

To further elucidate the rationale behind the assigned codes, we proceed with a qualitative 
commentary on selected representative articles from each RQ2 category. This targeted 
discussion aims to illustrate how the research objectives of each study align with the defined 
coding scheme.  

The article by Moradi Afrapoli et al., 2024 identifies as its primary research objectives the 
minimization of cost and production time, as well as the effective allocation of resources. 
Specifically, it introduces a nested multi-objective optimization algorithm that concurrently 
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seeks to (i) minimize the total operating cost of equipment fleets, and (ii) reduce the overall 
production cycle time in surface mining operations. The proposed nested model incorporates 
multiple optimization layers, within which resource reallocation occurs iteratively at each 
stage, ensuring adaptability to varying operational demands. Additionally, the study 
systematically evaluates alternative fleet allocation strategies to enhance overall system 
performance. For these reasons, the article was coded under both Min. Cost/Time (Min C/T) 
and Resource Allocation (Res. Alloc.) in the RQ2 classification scheme. 

The article by Waris et al., 2014 was classified under the codes Decision Making (DM) and 
Min. Fuel/Emissions, based on its central research objectives and methodological focus. The 
study primarily seeks to develop a comprehensive framework for evaluating and selecting 
construction equipment through the lens of sustainability, explicitly incorporating 
environmental and energy-related criteria. It proposes a structured decision-making model 
grounded in a multi-criteria evaluation process, integrating both qualitative and quantitative 
factors. 

One of the key decision criteria in this framework is the minimization of fuel consumption and 
greenhouse gas emissions. The article discusses in detail how these environmental indicators, 
along with others such as noise and particulate matter emissions, are factored into the 
decision-making hierarchy. Moreover, the methodology relies on expert judgment and 
scoring systems to weigh and rank alternative equipment configurations based on their 
environmental performance and functional capabilities. 

Given the emphasis on systematic evaluation and ranking to support equipment selection 
(DM), as well as the explicit inclusion of environmental performance indicators (Min. 
Fuel/Emissions) as core decision variables, the assignment of these two codes is both 
conceptually accurate and methodologically justified. 

The article by Rustom & Yahia, 2007 focuses on estimating the productivity of earthmoving 
operations using discrete-event simulation techniques. The primary objective of the study is 
to provide a reliable methodology for evaluating operational performance and variability in 
different earthmoving scenarios. Through a well-structured simulation framework, the study 
enables the modeling of detailed site operations and equipment interactions, facilitating the 
assessment of productivity under stochastic conditions. As such, the article was assigned the 
code Max. Quality, as it seeks to enhance the accuracy, precision, and reliability of 
productivity estimation — key indicators of quality in construction planning and management 
research. 

The article titled by Khallaf et al., 2024 was assigned the codes Min. C/T, Min. Earthmoving 
Dist., and Res. Alloc. based on its core methodological features and research objectives. 

Specifically, the assignment of the Min. Earthmoving Distance code is justified by the model’s 
focus on minimizing the total hauling distances as a key optimization objective. As stated in 
the paper, the proposed model determines the optimal allocation of trucks and loading 
equipment across multiple excavation and dumping zones, explicitly considering the spatial 
layout of the site and the distances between zones. By integrating the distance factor directly 
into the cost function and constraints, the model seeks to reduce hauling effort and energy 
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consumption associated with long-distance earth transport. This not only contributes to cost 
reduction but also enhances the operational efficiency of the earthmoving process. 

To visually illustrate the patterns and interrelationships emerging from this multidimensional 
coding, a heatmap was selected as the primary visualization tool. The heatmap was structured 
as a two-dimensional matrix, with rows representing individual articles and columns 
corresponding to RQ2 codes, using a binary encoding system (i.e., ‘1’ indicating the presence 
of a code, and ‘0’ its absence). The choice of a heatmap over alternative visualization formats 
(e.g., bar charts or Venn diagrams) was justified by its ability to simultaneously display large 
volumes of categorical information, thereby facilitating both comparison and the 
identification of co-occurrence patterns between research goals. 

The heatmap analysis yielded several noteworthy insights. Most prominently, the objectives 
Min. Cost/Time and Decision Making clearly dominate, being assigned to a substantially 
higher number of articles relative to other codes. Furthermore, a significant number of studies 
incorporate multiple research goals concurrently, such as combinations like DM + Min. C/T or 
Res. Alloc. + Min. Earthmoving Distance, which highlights the complex and multifaceted 
nature of decision problems in construction equipment planning. On the other hand, 
objectives such as Max. Quality and Min. Earthmoving Distance appeared less frequently, 
potentially pointing to gaps in the current literature or a limited application of corresponding 
methodologies. 

In conclusion, this approach enabled a systematic mapping of the emphasis placed by the 
existing literature on distinct research goals, offering valuable insights into potential 
directions for future research and underscoring the utility of integrated visual analytics tools 
for the interpretation of complex bibliographic datasets. 



Systematic Review and Comparative Evaluation of Heavy Equipment Selection Techniques in Earthmoving 
Operations 

Μεταπτυχιακή Διπλωματική Εργασία – Βήττα Ιωάννα Διονυσία 
Master's Thesis – Vitta Ioanna Dionysia 

70 ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 
MSc “Infrastructure and Construction Project Management” 

 

 

Figure 38: Heatmap presenting the interrelationship between RQ2 Tags and Articles 
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5.3 Research Question (RQ3) 

“What techniques are used to improve the selection of heavy machinery in earthmoving 
operations?” 

In order to understand how RQ3 was addressed, it is necessary to provide a brief yet essential 
overview of the tools and methods employed by the authors. While a detailed explanation of 
the codes presented in the Table 14 can be found in APPENDIX , listed alphabetically, here we 
group them into six categories based on their functionality. 

5.3.1 Deterministic Optimization Methods  

This category comprises traditional, mathematically rigorous techniques used to model and 
solve well-structured optimization problems. These methods assume deterministic 
environments, where all parameters and constraints are known in advance. 

- LP (Linear Programming) 

A mathematical method for optimizing a linear objective function, subject to linear equality 
and inequality constraints (Olson, 2003). In our research it is commonly used to minimize cost 
or maximize productivity, assuming all decision variables are continuous. 

- MILP, MINLP 

Extensions of LP where some or all decision variables are restricted to integers. MILP is widely 
used in fleet configuration and task scheduling where the number of equipment units must 
be whole numbers. MINLP includes nonlinear relationships and is suitable for more complex 
modeling where nonlinearities (e.g., fuel consumption curves) are involved. 

- Integer Programming 

A subset of MILP where all decision variables are integers. This method is suitable when 
decisions like the number of machines or routes must be discrete and exact.  

- Goal Programming (ZOGP, Compromise Programming, POEM) 

A variant of linear programming that allows for multiple goals instead of a single objective. 
Variants include zero-one goal programming, which uses binary decision variables to model 
yes/no decisions, compromise programming, which seeks a solutions closest to the ideal by 
minimizing the distance from an ideal point and Project-Oriented Earthmoving Model, which 
is a domain-specific model that applies goal programming to earthmoving tasks (Olson, 2003). 

- Dynamic Programming 

A method that solves complex problems by breaking them down into simpler subproblems 
and solving them recursively. It is well-suited for time-dependent decisions, such as 
sequencing equipment usage over multiple project phases 

- Mathematical Modeling (Math. Model) 



Systematic Review and Comparative Evaluation of Heavy Equipment Selection Techniques in Earthmoving 
Operations 

Μεταπτυχιακή Διπλωματική Εργασία – Βήττα Ιωάννα Διονυσία 
Master's Thesis – Vitta Ioanna Dionysia 

72 ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 
MSc “Infrastructure and Construction Project Management” 

 

This refers to the general formulation of optimization problems using algebraic models 
tailored to specific applications in construction. These models may incorporate various of the 
above techniques.  

- Operation Analysis 

A structured analytical approach that focuses on decomposing and evaluating the steps of an 
operational process (e.g., earthmoving cycle) to identify bottlenecks or inefficiencies. It is 
often used as a pre-optimization step.  

5.3.2 Metaheuristics / Heuristics 

This category includes search-based algorithms designed to find near-optimal solutions in 
large, complex, or poorly structured solution spaces, where exact optimization methods are 
infeasible or computationally prohibitive. 

- GA (all forms: standard, Evolver, Constraint Handling) 

The genetic algorithm is a search algorithm that is based on Darwin’s theory of “survival of 
the fittest” and “natural selection”. The initial population is generated randomly, and each 
solution competes with each other to create a new population. Through this iterative process, 
the best-fit solution survives (Hwang et al., 2014b). 

- PSO, Enhanced PSO, IPSOM 

Particle Swarm Optimization (PSO) is inspired by the collective behavior of social organisms, 
such as bird flocks or fish schools. Each “particle” (representing a candidate solution) moves 
through the solution space influenced by both its own experience and that of neighboring 
particles. 
Enhanced versions such as Enhanced PSO and IPSOM incorporate improvements like local 
search mechanisms, adaptive parameter tuning, and hybrid intelligence features, aiming to 
avoid premature convergence to local optima and improve search efficiency. 

- Simulated Annealing 

Simulated Annealing is based on the physical process of metal annealing. It begins at a high 
"temperature," allowing the algorithm to accept worse solutions with a certain probability, 
which helps it escape local optima. As the temperature decreases gradually, the algorithm 
becomes more conservative, refining the solution. SA is particularly effective in combinatorial 
optimization problems, thanks to its simplicity and flexibility 

- Ant Colony Optimization (ACO) 

ACO mimics the foraging behavior of ants. Artificial ants build solutions and deposit virtual 
pheromones on high-quality paths, which increases the likelihood that those paths will be 
selected again. It is especially effective for discrete and combinatorial problems, such as the 
Traveling Salesman Problem (TSP) or routing and scheduling challenges. 

- Heuristic (general term) 
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Heuristic algorithms are typically problem-specific, rule-based techniques that aim to find 
good-enough solutions in a reasonable amount of time. They do not guarantee optimality but 
are particularly valuable when the search space is too large or complex for exhaustive 
methods.  

- Stochastic Simulation (Stoch.Sim) 

Stochastic simulation involves the use of random variables to simulate system behavior and 
evaluate solution performance under uncertainty. It is often used when system inputs or 
dynamics are probabilistic, such as arrival times, demand fluctuations, or operational risks. 

- Constrained Based Algorithm 

Algorithms in this category focus on finding solutions that strictly satisfy predefined 
constraints. They often employ techniques such as penalty functions, repair mechanisms, or 
constraint satisfaction procedures to ensure that solutions remain feasible within the 
boundaries of the problem definition. 

5.3.3 Multi-Objective Optimization (MOO) 

Multi-Objective Optimization (MOO) refers to optimization problems that involve two or 
more conflicting objectives that must be optimized simultaneously. Instead of producing a 
single optimal solution, MOO typically results in a set of Pareto-optimal solutions, each 
representing a different trade-off between objectives (e.g., cost vs. time, productivity vs. 
environmental impact). 

The following are some of the most commonly used MOO techniques: 

- NSGA-II (Non-dominated Sorting Genetic Algorithm II) 

A widely used evolutionary algorithm designed to efficiently generate Pareto fronts. It uses 
fast non-dominated sorting, crowding distance, and elitism to balance convergence and 
diversity in multi-objective search spaces. 

- EMO (Evolutionary Multi-objective Optimization) 

A general term referring to a family of evolutionary algorithms (including NSGA-II, SPEA2, 
MOEA/D) developed to handle MOO problems by mimicking evolutionary processes such as 
selection, mutation, and crossover to evolve a diverse set of Pareto-optimal solutions. 

- R2TA-PSO (R2-based Many-Objective PSO with Transfer Learning and Adaptive 

Weighting) 

A recent, advanced variant of Particle Swarm Optimization, designed for many-objective 
optimization problems (typically more than 3 objectives). It incorporates transfer learning to 
reuse knowledge across runs and adaptive weighting to improve convergence toward the 
Pareto front. 

- Pareto-based MOO 
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A general approach that focuses on identifying and maintaining Pareto-optimal solutions 
those for which no objective can be improved without worsening another. Algorithms in this 
category use dominance relationships and diversity mechanisms to approximate the full 
Pareto front. 

5.3.4 Simulation-Based Methods 

This category includes techniques that simulate the behavior of real systems or construction 
processes, often under uncertainty or dynamic temporal conditions. These methods are used 
to model, analyze, and optimize performance, scheduling, and resource allocation in 
earthmoving and construction operations. 

- DES (Discrete Event Simulation) 

Encompasses various platforms (e.g., Arena, EMSP, EZStrobe, SimPy, Simphony.NET, Web-
Cyclone) used to simulate systems as sequences of discrete events over time. 

- Monte Carlo Simulation 

A statistical technique that uses random sampling to simulate uncertainty in input variables, 
generating probabilistic distributions for outputs. 

- Custom Simulation Models 

Tailor-made simulation environments developed to capture the specific logic and dynamics 
of individual construction processes, often programmed from scratch or with specialized 
tools. 

- Simulation in MATLAB 

Refers to simulations built within the MATLAB environment, often using Simulink or custom 
code, to analyze systems with numerical and time-dependent parameters. 

5.3.5 Machine Learning & Artificial Intelligence 

This category includes methods from the field of machine learning (ML) and artificial 
intelligence (AI), which aim to extract patterns from data, make predictions, support 
decisions, and automate intelligent behavior in construction-related systems. 

- Machine Learning Algorithms include widely models such as: 

a. ANN (Artificial Neural Networks) 

b. RF (Random Forest) 

c. SVM (Support Vector Machine) 

d. KNN (K-Nearest Neighbors) 

e. XGBoost 
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- Data Mining (Data M.) 

The process of discovering patterns and insights from large datasets, often used as precursor 

or complement of machine learning 

- EXS (Expert Systems) 

Rule-based systems that emulate human expert reasoning to make decisions or 
recommendations in specific domains (e.g., equipment selection, risk assessment). 

- DSS (Decision Support Systems) 

Integrated systems that combine data, models, and decision rules to aid complex decision-
making, often incorporating AI and simulation tools 

- IoT (Internet of Things) 

Refers to the integration of sensors and smart devices that collect real-time data from 
equipment or construction sites, enabling data-driven optimization and automation. 

5.3.6 Multi-Criteria Decision Making (MCDM) Methods 

This category includes multi-criteria decision-making (MCDM) methods, fuzzy logic 
techniques, and hybrid approaches from decision theory, used to evaluate complex 
alternatives based on multiple, often conflicting, criteria, sometimes under conditions of 
uncertainty or vagueness. 

- AHP, Fuzzy AHP, Fuzzy ANP 

Analytic Hierarchy Process (AHP) and its fuzzy versions help structure and compare decision 
criteria hierarchically. Fuzzy AHP/ANP integrate uncertainty handling in pairwise 
comparisons. ANP (Analytic Network Process) is an extension of AHP that allows for 
interdependencies among criteria. 

- FANP-FTOPSIS 

A hybrid method that combines Fuzzy ANP for determining criteria weights with Fuzzy TOPSIS 
for ranking alternatives under uncertainty. 

- PROMETHEE, ELECTRE 

Outranking methods used in MCDM to compare alternatives based on pairwise dominance 

- SAW (Simple Additive Weighting) 

A straightforward method where alternatives are scored and weighted criteria are summed—
often used as a baseline in MCDM. 

- MAUT (Multi-Attribute Utility Theory) 
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A utility-based method that models decision-maker preferences to evaluate multiple 
conflicting objectives quantitatively. 

 

 

Figure 39: Bubble chart mapping optimization objectives to technique categories 

The bubble chart in Figure 39 visually represents the relationship between different 
optimization objectives (y-axis) and the categories of optimization techniques (x-axis) used to 
address them through the reviewed literature. The size of each bubble corresponds to the 
frequency of occurrence (i.e., number of studies) for each objective-technique pairing, and 
the numerical labels within each bubble indicate the exact count. The most frequently 
addressed optimization objective in the reviewed literature is the minimization of cost and 
time, with Simulation-Based Methods and Multi-Objective Optimization techniques being the 
most commonly applied in this context. Decision-making support is primarily addressed 
through Multi-Criteria Decision-Making (MCDM) methods, highlighting their role in handling 
complex evaluation scenarios. Resource allocation appears as a cross-cutting objective across 
various methodological approaches, indicating its relevance in different optimization 
contexts. In contrast, objectives related to environmental performance, quality, and 
earthmoving distances remain comparatively underexplored. These findings suggest a 
concentration of research on traditional efficiency metrics, while also pointing to potential 
gaps and opportunities for future studies to incorporate broader performance indicators, 
particularly those aligned with sustainability and spatial efficiency. 

5.4 Research Question (RQ4) and (RQ5) 

“What types of research have been conducted and in what type of construction project is the 
equipment selection methodology applied or intended to be applied?” 
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To answer question RQ4, I used the system of classification of research approaches by 
(Wieringa et al., 2006) and the guidance of (Petersen, Feldt, Mujtaba, et al., 2008) as shown 
in table 

Table 12: RQ4 Tags Definition 

 

By identifying how each study contributes—whether through theoretical exploration, 
methodological innovation, or empirical application—we can better assess the overall 
landscape of knowledge and the balance between conceptual development and practical 
relevance. In this section, the reviewed papers are classified according to their research type 
(Table 12), to provide insight into the nature and direction of current academic efforts in the 
field. 

Evaluation Research (ER) dominates with 36 papers (63%), indicating a strong focus on 
assessing equipment selection techniques in real-world projects to highlight their strengths 
and limitations.  

Jrade & Markiz, 2012, evaluated the model through a case project collected from the 
literature comprising the construction of a dam, whereas  A. Jrade et al., 2012 and Markiz & 
Jrade, 2017, utilized an actual dam construction project to numerically validate the proposed 
system and quantify its degree of accuracy. 
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Parente et al., 2015, held several experiments using real-world data from a Portuguese 
construction site, Rustom & Yahia, 2007, used the Gaza Beach-Camp Shore Protection Project 
as a case study. Abu-Samra et al., 2013, implemented their model on an earthmoving 
company conducting five different projects on hand, whereas Mohsenijam et al., 2020, 
Shehadeh et al., 2022b and Morley et al., 2013 examined their model through a case study 
employing a real-world earthmoving project that demonstrates the model’s capabilities. Ko 
et al., 2025, validated their analysis through two case studies, using hourly cost data from the 
South Korean construction market. Yi & Lu, 2018, propose a method which is applied to a real-
world grading project—specifically, the initial earthwork phase of a camp site construction in 
Fort McMurray, Alberta—which serves as a case study to evaluate the method's 
effectiveness. Ok & Sinha, 2006, models are trained and tested using a dataset derived from 
actual earthmoving projects in North America, collected from a contractor’s operations. Miao 
et al., 2024 validated their model using a real-world case study from the Wa-Song Railway 
Project in Hunan, China. The amount of earthwork to be excavated is 12,500 m3, and the 
transportation distance from loading area to filling area is 2.5 km. Abdelmassih et al., 2022, 
apply their model on real-world case study. The methodology is applied to the Burj Hammoud 
Landfill Project in Lebanon, a $100 million initiative involving the removal of 3.5 million cubic 
meters of waste. The simulation uses real site data and machine specifications, ensuring that 
the model reflects actual project conditions and constraints 

Shehadeh et al., 2024, Ngov et al., 2024 and Alshboul et al., 2025 exemplified their model 
through a real-world highway construction case study, while Riskijah et al., 2021, examined 
the optimization of heavy equipment usage for main road section X of Pandaan-Malang Toll 
Road and Amândio et al., 2022, used real data from the earthworks of a Portuguese highway 
construction project. Juliastuti et al., 2023, present an approach to select the optimal heavy 
equipment fleet for an earthwork project on the Kertajati Toll Road in Indonesia. A real case 
study involving excavation and embankment works was used. The analysis evaluated 
combinations of excavators, dump trucks, bulldozers, and rollers. The optimal configuration 
resulted in a total cost-efficient solution and defined the best fleet mix to complete the 
project within the required timeframe. 

Parente et al., 2016 validated their model by using real-world data from a Portuguese 
construction site demonstrate the potential and importance of using this kind of technologies 
for a sustainable management and optimization of earthworks. Alshboul et al., 2024 validated 
the efficiency of the proposed optimization model by using a case study of earthmoving 
activities based on data collected from the real-world construction site. Jaafar & El-Halawani, 
2022, examine the optimization of earthwork machines in super-structure shallow foundation 
construction projects. Waris et al., 2019, include a real-world case study to validate the 
proposed framework for sustainable procurement of construction equipment. Mustaffa, 
2020, used data that were collected on cut and fill operation on a residential development 
construction site.  

Markiz & Jrade, 2016, verified their fleet management system by using an Iron ore case study. 
Choudhury & Naik, 2022, apply their methology to the real-world mining unit, Panchpatmali 
Bauxite Mines in Odisha, India, which is one of the largest bauxite deposits in the world and 
Baçet, 2003 in an actual open-pit lignite mine located in the Orhaneli region of western 
Turkey. Taji et al., 2013, Aghajani Bazzazi et al., 2011 and Soltanmohammadi & Bazzazi, 2008 
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apply their methodology to the Sungun copper mine, which is the largest open-cast copper 
mine in Iran. Alpay & Iphar, 2018 validated the study by applying the methology to a real 
magnesite mine owned by the Yamac company, located in the Mihalıççık region of Eskişehir, 
Turkey. Lashgari et al., 2012 applied their model to the actual Gole Gohar surface iron mine 
in Kerman Province, Iran. Moradi Afrapoli et al., 2024, created a model that was implemented 
in a simulation study of a real mining operation to evaluate its performance. The case study 
is an active iron mine located in the Middle East. The simulation model imitates 10 days of 
the case study’s operation in year 11 of the mine’s life. 

To conclude the discussion on the papers categorized under Evaluation Research within the 
Manufacturing domain, the study by (Yilmaz & Daǧdeviren, 2011), presents a realistic 
numerical application for the selection of welding equipment (MIG/MAG welding machine), 
carried out within an actual company setting. 

Validation Research (VR) follows with 11 studies (19%), emphasizing the development of 
novel methods not yet applied in practice and proposing innovative research directions.  

Naoum & Haidar, 2000, proposed a model, implemented within a prototype decision-support 
system and tested through four structured case studies. These case studies were constructed 
using data gathered via questionnaires, rather than extracted from direct field 
implementation. For each scenario, multiple simulation runs were conducted to evaluate the 
system’s performance. Although the model was thoroughly examined under varied 
conditions, its application remained within a simulated environment. Marzouk, 2006, applied 
and tested their model through a numerical example, but not validated in a real-world 
project. 

Valli & Jeyasehar, 2012, used real performance data collected over 15 months for 10 different 
types of equipment (e.g., compressors, cranes, mixers, etc.). However, this is applied in a 
controlled simulation context, not an actual construction site, making it a data-driven but 
hypothetical example rather than a live case study. Keshavarz Ghorabaee et al., 2018, present 
a semi-realistic example based on operational context, but not fully real, as it lacks concrete 
project data and uses a generalized company profile, related to an Iranian construction 
company, which is called ‘‘KSN’’ and stands for an international general contracting company 
providing premier construction services worldwide. 

Pourrahimian et al., 2021, applied their proposed model to a hypothetical case study involving 
the hauling of 1,000,000 m³ of excavated material, in order to test and validate its 
performance under controlled conditions. Khallaf et al., 2024, introduced a novel MILP model 
and validate its performance using simulated data based on three previously published case 
studies, demonstrating improvements in cost, time, and emissions, without applying it to a 
real project. B. S. Kim & Kim, 2016, used a hypothetical case to demonstrate the application 
of its proposed method. Specifically, it simulates an earthmoving project involving 100,000 
m³ of material and evaluates six equipment configurations based on cost, duration, and 
emissions. Marzouk & Moselhi, 2003, validated their model through a hypothetical case study 
which was a simulated earthmoving operation involving 3,000,000 m³ of material to be 
moved over 15 km. The simulation incorporates six activities: load, haul, dump, return, 
spread, and compact and the algorithm configurations were tested in 14 different runs to 
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evaluate performance and convergence behavior. Zhang, 2008, create a model that is tested 
through a computational example simulating an earthmoving operation. It involves moving 
2,000,000 m³ of soil with four types of equipment: loaders, trucks, dozers, and compactors. 
Three types of loaders and trucks are evaluated, while one type of dozer and compactor is 
considered. Nine combinations of equipment types are tested. Marzouk & Moselhi, 2002, 
present a hypothetical case study involving 855,000 m³ of material to validate their proposed 
model. The model simulates six earthmoving activities using a discrete event simulation 
engine and applies a genetic algorithm to minimize total project cost. 

The study of Ulubeyli et al., 2021, utilizes a real-world case study involving three widely used 
truck-mixer drums (TMD) brands in Turkey. Technical specifications were obtained from 
manufacturers, and qualitative evaluations were gathered from 90 industry professionals 
through surveys. To reflect varying stakeholder priorities, four decision-making scenarios 
were developed and analyzed using their method. This approach enabled the authors to rank 
the TMD options under different conditions, combining both expert opinion and technical 
performance data. For this particular paper, the code N/A was used, as the type of project 
cannot be identified since the focus is on equipment and methodology rather than on a 
specific application.   

The Solution Proposal (SL) category includes 8 papers (14%) that introduce new methods or 
enhancements to existing approaches. Hwang et al., 2014; S. A. Kaboli et al., 2020; M. Yavuz, 
2016; Marzouk & Moselhi, 2003; Phogat & Singh, 2013; Waris et al., 2014; Yavuz, 2016, 
introduce new methods or propose enhancements to existing approaches for equipment 
selection in construction or mining operations. These papers focus primarily on 
methodological innovation—such as the design of algorithms, frameworks, or models—but 
do not yet test or validate these solutions in real-world applications or evaluate their 
performance through empirical data. 

Philosophical Papers (PH) (4%), appear in only 2 cases (Burt et al., 2005; Zaneldin & 
Sivaloganathan, 2017), presented theoretical frameworks for understanding equipment 
selection. Notably, there were no publications classified as Opinion Papers (OP) or Experience 
Papers (EP), suggesting limited interest in subjective perspectives or anecdotal evidence. 

This distribution reveals a clear trend in the literature towards evaluation and validation 
approaches, reflecting an emphasis on empirical assessment, methodological rigor, and real-
world applicability in equipment selection research 
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Figure 40: Graphical representation between the research type and the type of the project 

Figure 40 illustrates the relationship between research type and project type in the context 
of equipment selection and optimization studies in earthmoving and construction operations. 
The majority of the reviewed publications fall under Evaluation Research (ER), accounting 36 
studies, indicating a strong emphasis in the literature on the practical assessment and 
application of methodologies in realistic or semi-realistic settings. ER studies are 
predominantly associated with earthworks (31%) and general construction projects (28%), 
while a smaller but notable share relates to highways, mining, and dam-related applications. 
The second most frequent category, Validation Research (VR), includes studies that focus on 
testing new methods and algorithms under controlled conditions, with the construction 
sector (56%) being its main application domain, followed by mining and highway projects. The 
Solution Proposal (SL) category appears less frequently but is more evenly distributed across 
project types, suggesting that conceptual or methodological innovations are being tested 
across varied operational contexts. Philosophical (PH) and other non-applied research types 
(OP, EP) are scarce, typically limited to manufacturing or unspecified domains. Overall, the 
clear predominance of applied research (ER, VR) highlights the importance placed on practical 
evaluation in equipment decision-making, while the limited representation of theoretical or 
empirical studies signals a gap and an opportunity for future exploration in developing 
stronger theoretical foundations and data-driven validation in construction and mining 
environments. 
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5.5 Research Question (RQ6) 

When and where were the studies published? 

The cumulative country-level publications from 2000 to 2025 reveal a significant global shift 
in research activity related to earthmoving operations and machinery utilization. Notably, 
Canada (CA) exhibits the most substantial growth, surpassing 20 publications by 2025, 
reflecting its increasing research investment in construction optimization and emissions 
reduction. The United States (US) maintains a steady presence, indicating a mature research 
ecosystem, while other countries such as the United Kingdom (GB), Germany (DE), Iran (IR), 
and India (IN) show consistent growth, particularly post-2015—possibly due to international 
collaboration frameworks and national funding initiatives. 

Importantly, the bibliometric method used in this analysis counts each country associated 
with a publication individually, following a "full counting" approach. This means that if a single 
article involves authors from multiple countries—e.g., the US, China, and the UK—all three 
countries are credited with one publication each. As a result, the aggregate country-level 
counts often exceed the actual number of distinct publications, especially in the context of 
international collaboration. For instance, a dataset comprising 50 unique articles may yield 
80 or more country-level contributions, depending on co-authorship patterns. This is a 
recognized and widely accepted convention in bibliometric analysis, as it reflects each 
country's participation and impact in scientific production. Consistency in country name 
encoding (e.g., ISO Alpha-2 codes such as GB for United Kingdom or SA for Saudi Arabia) is 
crucial for ensuring the reliability of such analyses. 

 

Figure 41: Distribution of studies by countries 



Systematic Review and Comparative Evaluation of Heavy Equipment Selection Techniques in Earthmoving 
Operations 

Μεταπτυχιακή Διπλωματική Εργασία – Βήττα Ιωάννα Διονυσία 
Master's Thesis – Vitta Ioanna Dionysia 

ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 83 
MSc “Infrastructure and Construction Project Management” 

 

 

Figure 42: Authors involved in the selected studies 

 

Figure 43: Number of Journals/Proceedings 
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Figure 44: Co-authorship network graph 

The image illustrates a co-authorship network graph derived from the reviewed literature, 
highlighting collaboration patterns among researchers in the field of equipment selection and 
optimization for earthmoving operations. Each node represents an individual author, while 
each edge (connecting line) signifies a co-authored publication between the respective 
researchers. The size of the nodes reflects the frequency of an author's appearance, indicating 
the relative impact or contribution within the network. 

The most prominent and densely connected cluster in the graph is centered around Ali 
Shehadeh, whose name appears in bold and enlarged font, denoting a high level of co-
authorship activity. This cluster includes multiple collaborators such as Ahmed Hamed El-
Sayed, Dareen Almasabha, Eman Saleh, and Khaled Albtoush, indicating a sustained 
collaborative research group likely focused on similar thematic areas. Several smaller, two-
author clusters are visible (e.g., Abdullah Mengal & Muhammad Waris, Manuel R. Lopes & 
Inês Correia, Abdolreza Yazdani-Chamzini & Edmundas Kazimieras Zavadskas), suggesting 
independent collaborations with limited integration into the broader research network. 

Overall, the network structure is relatively fragmented, characterized by multiple discrete 
clusters rather than a single cohesive collaboration network. This suggests that while several 
research teams are working on related topics, cross-collaboration across groups remains 
limited. 

This co-authorship network analysis provides valuable insight into the structure of scholarly 
collaboration within the specific research domain. The presence of fragmented clusters 
implies that the field is still somewhat siloed, with few dominant research hubs and many 
isolated contributors. This may indicate opportunities for fostering greater interdisciplinary 
and cross-institutional collaboration, particularly between high-output groups and emerging 
researchers. 
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Such visualizations also help identify influential authors and potential knowledge hubs, 
guiding future researchers toward key contributors in the field and potentially fruitful 
collaboration opportunities. 

5.6 Research Question (RQ7) 

“Which categories of construction machinery were the focus of analysis in the reviewed 
literature?” 

 

Figure 45: Heatmap of construction equipment types addressed in the literature 

The heatmap in Figure 45 provides a visual overview of the types of construction machinery 
analyzed in the reviewed literature. We observe a dominant focus on excavators and trucks, 
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which are by far the most frequently studied machine types, appearing in a large number of 
articles. This reflects their central role in earthmoving operations, particularly in excavation, 
loading and hauling tasks. Dozers and loaders are also well-represented, although less 
prominently than excavators and trucks. These machine types are typically involved in 
support operations (e.g., leveling, backfilling), which may explain their relatively lower but 
consistent presence. Equipment such as graders, spreaders, cranes, truck mixer drums, and 
JCB/backhoes appear in only a few studies. This suggests that research attention is heavily 
skewed toward standard excavation and hauling equipment, while more specialized or task-
specific machinery remains underrepresented. The clear dominance of certain machine types 
presents a notable research gap regarding the systematic evaluation of under-studied 
machinery categories. Future studies could expand the scope to include less frequently 
analyzed equipment, particularly in the context of modern construction practices and 
sustainability goals. 

It was observed that not all scientific articles provided explicit information regarding the exact 
models or types of construction equipment used in their analysis. Several papers employed 
hypothetical datasets, simulation environments or generalized equipment categories (e.g., 
"excavator", "hauler") without reference to specific commercial models or manufacturers. In 
some cases, although the studies were based on real project data, they lacked technical 
documentation or mathematical formulations that would enable the identification of the 
specific machinery being evaluated. This limitation hinders the ability to perform a fully 
comparable technical assessment across literature. Furthermore, the use of abstracted or 
normalized performance parameters (e.g., bucket size, fuel rate, productivity rate) as 
opposed to model-specific data further contributes to this gap. 

Nonetheless, in a considerable number of papers, the authors explicitly cited the make and 
model of equipment under consideration, especially in studies involving discrete-event 
simulation, real case studies, or optimization frameworks calibrated with actual site data or 
manufacturer specifications (e.g., Caterpillar 785C, Komatsu D85E, Volvo A40F). For these 
articles, all available machine model information was systematically extracted and compiled. 
The following table presents the complete set of equipment models referenced across the 
reviewed publications, categorized by machine type (e.g., excavators, loaders, trucks). 



Systematic Review and Comparative Evaluation of Heavy Equipment Selection Techniques in Earthmoving 
Operations 

Μεταπτυχιακή Διπλωματική Εργασία – Βήττα Ιωάννα Διονυσία 
Master's Thesis – Vitta Ioanna Dionysia 

ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 87 
MSc “Infrastructure and Construction Project Management” 

 

Table 13: Machine types and models referred in the research papers 
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6. Conclusions of the Systematic Literature Review 

 

This systematic review aimed to document, analyze, and critically evaluate the research 
landscape concerning the methodologies for equipment selection, allocation, and 
optimization in earthmoving operations, with a focus on the interrelation of techniques, tools, 
and objectives in enhancing productivity, performance, and sustainability in construction 
projects. The study highlighted major research trends, commonly employed methods, project 
types, and identified both scientific and practical gaps, ultimately providing a comprehensive 
and reliable overview of the existing literature. 

Regarding research topics, a significant emphasis is placed on fleet size optimization, with the 
primary objective of minimizing the cost and time required for earthmoving tasks. Most 
studies pursue goals such as supporting decision-making, optimizing resource allocation, and 
minimizing operational risks. However, despite substantial progress in these areas, the 
literature shows a clear lack of studies incorporating environmental performance indicators 
(such as CO2 emissions or fuel consumption), quality assessment metrics, or geospatial 
optimization of haul distances. This underlines the need to broaden the evaluation framework 
to include more holistic and sustainable performance criteria. 

In terms of tools and techniques supporting equipment selection, this review identified six 
core categories: classical optimization methods (e.g., LP, MILP), heuristic and metaheuristic 
algorithms (e.g., GA, PSO), simulation techniques (e.g., Discrete Event Simulation, Monte 
Carlo), multi-criteria decision-making (MCDM), machine learning and artificial intelligence 
(ML/AI), and multi-objective optimization (MOO). Notably, simulation-based methods and 
MOO were the most frequently employed for cost/time minimization, while MCDM 
approaches were predominantly applied in decision support contexts. Despite the diversity 
of techniques, many studies remain confined to theoretical or simulated scenarios, 
highlighting the need for more empirical applications grounded in real-world projects. 

The majority of the reviewed publications were classified as Evaluation Research, revealing a 
strong emphasis on assessing models and tools in practical contexts. These studies cover a 
wide spectrum of projects, ranging from roadworks and dam construction to large-scale 
earthworks and mining operations. Validation Research also holds a noteworthy presence, 
focusing on novel methods tested in hypothetical scenarios. The scarcity of theoretical or 
conceptual papers suggests a practical orientation in the field yet also reveals a lack of 
theoretical foundations or unified conceptual frameworks, which could be crucial for 
comparative evaluation and methodological synthesis. 

Concerning the types of equipment analyzed in the literature, the data show a clear 
predominance of dump trucks and excavators, reflecting their critical role in core earthmoving 
activities. Loaders, dozers, and graders are also frequently discussed, though less 
systematically. In contrast, specialized or supporting equipment such as cranes, spreaders, or 
soil stabilization tools are rarely addressed, exposing significant research gaps. Furthermore, 
many studies fail to provide sufficient technical documentation or specifications, limiting 
comparability and reproducibility. 
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At the geographic level, Canada, the United States, Iran, and India emerged as leading 
contributors in terms of publication output. The analysis of co-authorship networks revealed 
a relatively fragmented structure, with several autonomous research clusters and limited 
cross-institutional collaboration. This fragmentation presents opportunities for fostering 
interdisciplinary and international partnerships, which could drive innovation and help 
establish standardized frameworks in the domain. 

In summary, equipment selection and optimization in earthmoving operations remains a topic 
of high technological and operational relevance but is still methodologically fragmented. The 
prevailing focus on cost and time efficiency must evolve to encompass broader quality and 
sustainability metrics, including environmental impacts, spatial efficiency, and context-
sensitive equipment deployment. There is a growing need to integrate real-time data, 
artificial intelligence, and automation tools, as well as to develop interoperable models that 
dynamically adapt to project-specific constraints. Simultaneously, underrepresented 
equipment categories should receive greater attention to ensure a more comprehensive and 
inclusive approach to fleet planning. 

Ultimately, the development of unified theoretical frameworks, the incorporation of 
advanced digital technologies, and the promotion of interdisciplinary collaboration emerge 
as key priorities for advancing the research field. Such directions will contribute to more 
reliable, sustainable, and cost-effective management of earthmoving operations, thereby 
enhancing the technical quality and long-term performance of infrastructure projects. 

6.1 Limitation of the Research 

Several key research limitations are repeatedly noted across the reviewed studies: 

I. Limited Generalizability of Models 

Many optimization and simulation models for equipment fleet selection are developed and 
validated only on specific case studies or project scenarios. As a result, their broader 
applicability remains uncertain. In practice, contractors often rely on past experience or data 
from earlier projects to guide new equipment decisions, an approach that may work for initial 
estimates but does not guarantee optimal results as conditions change  

Likewise, academic models tailored to a particular context may not generalize well to 
different project types or scales without significant adaptation. This lack of transferability 
means findings can be case-specific, and additional research is needed to test and refine 
models in diverse real-world settings before they can be widely adopted. 

II. Oversimplified Modeling Assumptions 

A number of studies make simplifying assumptions to keep optimization problems tractable, 
but those assumptions can limit realism. For example, many mathematical models focus on a 
single objective (typically minimizing cost or duration) and ignore other important 
performance metrics, or they assume fixed productivity rates and neglect indirect costs or 
downtime. Such simplifications do not capture the full complexity of actual earthmoving 
operations and can yield results that are not entirely realistic. Researchers have noted that 
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while simplifications (e.g. treating cycle times or haul speeds as constant) are convenient, 
they may lead to suboptimal or misleading conclusions when applied in the field. In short, the 
pursuit of elegant models sometimes comes at the expense of modeling the messy, dynamic 
nature of construction equipment operations. 

III. Lack of Integration with Digital Tools and Systems 

Another common limitation is the isolation of fleet optimization models from modern digital 
ecosystems used in construction. Several papers point out that current simulation and 
optimization frameworks do not interface with real-time data or existing fleet management 
systems. For instance, simulations often ignore the presence of GPS-based fleet management 
or dispatch systems and fail to consider interactions with other components like processing 
plants or site logistic systems. More broadly, the literature has been slow to integrate 
emerging digital tools – such as Building Information Modeling (BIM), Internet-of-Things (IoT) 
telematics, and project management software – into equipment selection methodologies. 
This gap means that many research models remain as standalone analyses, whereas in 
practice an optimal fleet plan should be continuously informed by live field data and digital 
project models. The lack of data integration and digital connectivity has been described as 
leaving a “blind spot” in fleet operations management, highlighting a missed opportunity to 
leverage real-time information for decision-making. 

IV. Subjectivity in Decision-Making Methods 

A portion of the fleet selection literature uses multi-criteria decision-making (MCDM) 
techniques (such as AHP, TOPSIS, or utility theory) to evaluate equipment alternatives. While 
these approaches allow qualitative and practical factors to be included, they often depend on 
expert judgment to weight criteria or rate alternatives. This introduces subjectivity into the 
process. Different experts might assign different importance to criteria like safety vs. cost, for 
example, leading to inconsistent outcomes. Indeed, recent studies have acknowledged that 
subjective weighting and ranking in equipment selection can undermine the consistency of 
decisions. Some authors note that without a systematic framework, contractors relying on 
personal judgment or rules of thumb have made suboptimal choices. Thus, subjectivity 
remains a limitation in many decision models – the human factor can bias results, and 
methods that rely heavily on expert input may lack repeatability. The literature suggests a 
need for more objective or data-driven criteria prioritization to support equipment selection 
in a consistent way. 

V. Limited Treatment of Uncertainty and Variability 

Construction and mining environments are rife with uncertainties (e.g. weather impacts, 
equipment breakdowns, variable operator performance, and geological variability), yet 
numerous models treat input parameters as deterministic. A recurring criticism is that 
simulations or optimizations often assume average productivities or ignore the stochastic 
nature of operations. For example, one study highlighted that previous fleet sizing models 
identified an “optimal” number of machines without accounting for fluctuations in machine 
productivity during execution, and were applied only at the planning phase. By neglecting the 
random variability in haul times, queue delays, and equipment downtime, such models risk 
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being overly optimistic or fragile when deployed in the field. Similarly, ignoring correlations 
between inputs (such as the interdependence of haul and loading times) can distort model 
outcomes. The overall impression from the literature is that uncertainty is not handled with 
the rigor it deserves. Many optimization solutions lack robustness – a solution optimal under 
assumed conditions might perform poorly if those conditions change. This is a clear limitation, 
as real-world fleet management requires accounting for risk and variability (e.g. through 
probabilistic simulation or stochastic optimization) to ensure solutions remain effective under 
a range of scenarios. 

6.2 Future Work 

In light of the above limitations, researchers have proposed several directions to advance the 
state of the art. Future work in earthmoving equipment optimization and fleet management 
is expected to focus on the following promising areas: 

I. Integration with BIM and Digital Twin Technology 

A major opportunity is to connect fleet planning models with the rich digital context of 
modern projects. This means linking optimization and simulation tools with BIM platforms, 
digital twin systems, and real-time data feeds from the field. By integrating IoT sensor data 
(from GPS trackers, engine telematics, etc.) into 4D BIM models, future decision-support 
systems could continuously monitor equipment performance and project progress. Such 
integration would enable dynamic fleet adjustments based on actual site conditions, bridging 
the gap between plan and reality. Researchers envision digital twin representations of 
construction sites where one can simulate “what-if” scenarios for equipment deployment and 
immediately see impacts on the virtual project timeline and cost. Embracing these digital 
technologies will make fleet management more proactive and data-driven. For example, early 
studies have shown the feasibility of dashboards that visualize equipment utilization and 
location in real-time, helping managers identify inefficiencies and adjust plans on the fly. 
Overall, embedding optimization models into the digital ecosystem of construction projects 
is a key future direction to increase the practicality and impact of research in this field. 

II. Enhanced Stochastic Modeling and Uncertainty Analysis 

To address the limitations of deterministic assumptions, future research will place greater 
emphasis on stochastic modeling techniques. This involves developing models that explicitly 
incorporate uncertainty in equipment operations – for example, using Monte Carlo 
simulation, probabilistic scheduling, or robust optimization methods. By modeling variability 
in haul cycle times, weather delays, breakdown frequencies, and other risk factors, 
researchers can produce solutions that are not only optimal on paper but also reliable under 
real-world variability. Some recent work has moved in this direction by examining how 
ignoring input correlations or variability can affect outcomes, underlining the importance of 
accounting for randomness. Going forward, we expect to see optimization frameworks that 
include probability distributions for key parameters (instead of single-value estimates) and 
that optimize not just for the best-case scenario but for guaranteed performance within 
confidence levels. In practice, this could mean fleet plans that incorporate contingency 
buffers, adaptive strategies for different realized conditions, and sensitivity analyses to 
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identify which uncertainties most impact fleet efficiency. Enhanced stochastic modeling will 
improve the realism and resilience of equipment selection recommendations, making them 
more trustworthy for project managers. 

III. Improving Model Transferability and Generalization 

Future studies are poised to develop more general decision support frameworks that can be 
applied across a variety of projects and contexts. Rather than one-off models bespoke to a 
single case, researchers are working on adaptable tools with configurable inputs (project size, 
terrain, haul distances, etc.) so that the same optimization engine can assist in different 
scenarios. Ensuring that models are scalable and transferable is an important goal – one 
research initiative explicitly calls for solutions that are “scalable and adaptable across the 
industry” (applicable to building construction, infrastructure, mining, etc.). To achieve this, 
future methodologies might employ modular design, where common core algorithms are 
augmented by project-specific data modules. Additionally, validating models on multiple case 
studies (with varying conditions and locations) will be crucial to demonstrate their 
generalizability. By focusing on transferability, researchers aim to bridge the gap from 
academic prototypes to practical tools that practitioners anywhere can use. This includes 
user-friendly software implementations and perhaps open-data repositories of equipment 
and productivity information to help calibrate models to local conditions. In summary, making 
fleet optimization models more flexible, broadly applicable, and easy to calibrate will be a 
central theme in upcoming research, so that the results are not limited to a theoretical 
exercise but can directly benefit a wide range of projects. 

IV. Inclusion of Environmental and Social Sustainability Criteria 

 As sustainability becomes a key concern in construction and mining, future equipment 
selection research is expanding its scope beyond economics and productivity. There is a clear 
trend toward incorporating environmental impacts (such as CO2 emissions, fuel consumption, 
and noise pollution) and social factors (such as safety and community disturbance) into fleet 
optimization models. Recent studies have started to include these criteria – for example, by 
evaluating the carbon footprint of different fleet configurations or by adding constraints on 
emissions and permissible noise levels. One comprehensive framework developed in late 
2024 optimizes fleet selection while explicitly considering social, economic, and 
environmental sustainability variables, reflecting this broader perspective. Similarly, multi-
objective genetic algorithm approaches have been introduced to find solutions that balance 
cost, time, and emissions, rather than focusing on cost alone. Future research will likely 
deepen this direction, possibly by assigning monetary values to environmental and social 
impacts (to include them in objective functions) or by ensuring compliance with green 
construction standards when selecting equipment. This shift means that the “optimal” fleet 
is being redefined – not just the cheapest or fastest, but the one that offers the best trade-
off between productivity, cost, environmental stewardship, and social responsibility. 
Incorporating sustainability also aligns equipment management research with global efforts 
to reduce the carbon footprint of construction activities and improve safety and quality of life 
around project sites. 
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V. Combining Machine Learning with Optimization Techniques 

Another promising avenue is the hybridization of data-driven machine learning (ML) methods 
with traditional optimization and simulation models. Machine learning can assist in areas like 
demand forecasting, productivity prediction, or pattern recognition from large datasets of 
equipment performance, which can then feed into optimization algorithms for decision-
making. Several recent studies highlight the potential of integrating ML into fleet 
management – for instance, using ML models to predict truck travel times under various 
conditions and then plugging those predictions into an integer programming model for truck 
dispatch optimization. The synergy of ML and operations research is expected to yield 
“smarter” systems that continuously learn and improve. Future research may explore 
reinforcement learning for equipment dispatch (where an AI “agent” learns the best 
dispatching policy through trial and error in a simulated environment), or use big data from 
construction projects to train models that can quickly evaluate fleet scenarios. By combining 
ML with optimization, the next generation of decision-support tools could handle complexity 
and uncertainty better – the ML components handling complex predictions or classifications, 
and the optimization components rigorously searching for the best decisions given those 
inputs. This hybrid approach holds significant promise for advancing fleet management 
toward autonomous or semi-autonomous decision-making systems that can aid project 
managers in real time. 

In conclusion, while past research on earthmoving equipment selection and fleet 
management has laid a strong foundation, addressing these limitations and pursuing the 
outlined future directions will be crucial for the field. By making models more general, more 
realistic, digitally connected, and aligned with broader project goals (like sustainability and 
safety), the next wave of research can significantly enhance the practicality of optimization 
tools. The ultimate aim is to evolve from theoretical models towards robust, intelligent 
decision-support systems that seamlessly integrate into construction and mining operations 
– leading to more efficient, sustainable, and safer earthmoving projects in the years ahead. 
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7. APPENDIX I - ANSWERS TO RESEARCH QUESTIONS 

 

 

 

 

Paper Authors RQ1 RQ2 RQ3 RQ4 RQ5

FT01 Jrade & Markiz (2012) FSO Min.C/T, DM LP, DSS (VBA) ER ERTH Canada J

FT02 Zaneldin & Sivaloganathan (2017) FS DM, Min.Fuel/Emis QS,RII PH CNSTR UAE C

FT03 Naoum & Haidar, 2000) FS Min.C/T, Res.Alloc GA, DSS, EXS VR MNG UK J

FT04 Abdelmassih et al., 2022 FSO Min.C/T GA (Script Based), DES (custom) ER ERTH Lebanon C

FT05 Moradi Afrapoli et al. (2024) FSO Min.C/T MILGP (Matlab), DSS, DES (Arena) ER MNG Canada J

FT06 Pourrahimian et al., 2021 FSO Min.C/T, Min.Fuel/Emis Monte C., DSS, DES (Simphony.NET) VR ERTH Canada C

FT07 Yi & Lu (2018) FSO Min.C/T, Res.Alloc Monte C., DES (SimPy), DSS, Heur ER ERTH Canada C

FT08 Mustaffa (2020) FSO Min.C/T, Min.Fuel/Emis Monte C., DSS ER CNSTR Malaysia J

FT09 Parente et al. (2015) FSO Min.C/T, Res.Alloc LP, MOO (EMO (NSGA-II)), GA ER ERTH Portugal J

FT10 Shehadeh et al. (2024) FSO Min.C/T, DM, Max.Qlty MOO (Enhanced PSO), DSS, EXS ER HGWY Jordan J

FT11 Markiz & Jrade (2015) FSO Min.C/T, DM, Max.Qlty DES, SA, DSS, EXS ER DAM Canada J

FT12 A.M. Afrapoli et al. (2018) FSO Min.C/T, Res.Alloc DES (Rockwell Arena, MATLAB, CPLEX), DSS, MOO (GP) ER MNG Canada C

FT13 Marzouk & Moselhi (2003) FSO Min.C/T, Res.Alloc DES, GA (Constraint Handling via Penalty) SL ERTH Canada J

FT14 Ok & Sinha (2006) PE Max.Qlty ML (ANN) ER ERTH USA J

FT15 Hwang et al. (2014) FSO Min.C/T, Res.Alloc, Min. Earthmoving Dist GA (Evolver), DES (Web-Cyclone), LP (POEM) SL ERTH Korea J

FT16 Khallaf et al. (2024) FSO Min.C/T, Res.Alloc, Min. Earthmoving Dist LP (MILP), MILP (via GAMS + CPLEX) VR ERTH Saudi ArabiaJ

FT17 Yavuz (2015) FS DM MCDM (AHP, Yager) SL MNG South Africa J

FT18 Rustom & Yahia (2007) PE Max.Qlty Monte C., DES (Arena) ER ERTH Palestine J

FT19 Parente et al. (2016) FSO Min.C/T, Res.Alloc LP, MOO (NSGA-II), Data.M ER CNSTR Portugal C

FT20 Burt C. et al. (2005) FSO Min.C/T, Res.Alloc LP (MILP), Match Factor & QT PH MNG Australia C

FT21 Alshboul et al. (2024) FSO Min.C/T, Res.Alloc MOO (GA), Math.Model, MOO-NSGA-II ER CNSTR Jordan J

FT22 Kaboli et al. (2020) FSO Min.C/T, Min.Fuel/Emis Math.Model, QT SL MNG Australia J

FT23 Riskijah et al. (2021) FSO Min.C/T LP (Simplex) ER HGWY Indonesia C

FT24 Abu-Samra et al. (2013) FSO Min.C/T, Res.Alloc GA (Constraint Handling via Penalty), DB + Modular Design ER ERTH Egypt C

FT25 Phogat & Singh (2013) FS DM SAW, AHP, DBM (TOPSIS), PROMETHEE, ELECTRE SL HGWY India C

FT26 Shehadeh et al. (2022) FSO Min.C/T, DM, Res.Alloc, Min.Fuel/Emis MOO (GA), Math.Model ER ERTH Jordan J

FT27 Jaafar & El-Halawani (2022) FSO Min.C/T, Res.Alloc MOO (GA), DES ER CNSTR UAE J

FT28 Mohsenijam et al. (2020) FSO Min.C/T, DM Stoch.SIM, MOO (GA) ER ERTH Canada J

FT29 Choudhury & Naik (2022) FSO Min.C/T, DM ML (RF, SVM, KNN) ER MNG India C

FT30 Marzouk (2006) FSO Min.C/T, DM MAUT, AHP, DES VR MNG Egypt J

FT31 Morley et al. (2013) FS Min.C/T, DM Monte C., DES (MATLAB) ER ERTH Canada C

SB1.01 Baçet, 2003 FS DM MCDM (AHP), EXS ER MNG Turkey J

SB1.02 Alshboul et al. (2025) FSO Min.C/T, DM,Max. Qlty MOO (IPSOM) ER HGWY Jordan J

SB1.03 Taji et al. (2013) FS DM MCDM (FANP-FTOPSIS), Fuzzy Logic ER MNG Armenia–Iran J

SB1.04 Waris et al. (2014) FS DM, Min.Fuel/Emis MCDM (AHP), QS,RII SL CNSTR Malaysia J

SB1.05 Amândio et al. (2022) FSO Min.C/T, DM, Res.Alloc, Min.Fuel/Emis IoT, MOO (Pareto-based approach), DT ER HGWY Portugal C

SB1.06 Alpay et al. (2018) FS DM MCDM (Fuzzy TOPSIS, Fuzzy VIKOR) ER MNG Turkey C

SB1.07 Yavuz et al.(2016) FS DM Fuzzy TOPSIS SL MNG Turkey C

SB1.08 Ngov et al.(2025) FSO Min.C/T, Res.Alloc DES (Python), MINLP (GEKKO) ER HGWY South KoreaJ

SB1.09 Valli et al. (2012) FSO Min.C/T, DM DSS (GA vs AHP), GA (Matlab) VR CNSTR India J

SB1.10 Miao et al.(2024) FSO Min.C/T DΕS (EMSP, Microsoft C++ 6.0 ), MOO (R2TA-PSO), QT ER ERTH China J

SB2.01 Yilmaz et al. (2011)​ FS Min.C/T, DM Fuzzy Logic, PROMETHEE, ZOGP ER MFG Turkey J

SB2.02 Casals et al.(2003) FS Min.C/T, DM,  Min. Fuel/Emissions MCDM (Dell’Isola) SL MFG Spain C

SB2.03 Aghajani Bazzazi et al.(2011) FS DM, Min.Fuel/Emis, Max. Qlty MCDAM Fuzzy AHP (α-cut defuzzification) ER MNG Iran J

SB2.04 Keshavarz Ghorabaee et al. (2018) FS DM, Min.Fuel/Emis, Max. Qlty Fuzzy SWARA, CRITIC, EDAS VR CNSTR Iran J

SB2.05 Waris et al.(2019) FS DM, Max. Qlty MCDM (AHP) ER CNSTR Malaysia J

SB2.06 Markiz et al. (2012) FSO Min.C/T, DM LP,  Operation Analysis ER DAM Canada J

SB2.07 Markiz & Jrade (2016) PE DM LP,  Operation Analysis, EXS (ruled based reasoning) ER MNG Canada J

SB2.08 Kim and Kim (2016) FSO DM,  Min. Fuel/Emissions DES (EZStrobe), IWDM VR ERTH Korea J

SB2.09 Marzouk et al. (2003) FSO Min. C/T CBGA VR ERTH Canada J

SB2.10 Ulubeyli et al. 2021 FS DM Fuzzy Logic, Fuzzy DEA VR N/A Turkey J

SB2.11 Ko et al. (2025) FSO Min. C/T  MOO-NSGA-II, DES (WebCyclone), ML (XGBoost, ANN, RF) ER ERTH South KoreaJ

SB2.12 Lashgari et al. (2012) FS DM Fuzzy AHP, Fuzzy ANP, Fuzzy TOPSIS ER MNG Iran J

SB2.13 Soltanmohammadi et al. (2008) FS DM Fuzzy AHP + Fuzzy TOPSIS ER MNG Iran J

SB2.14 Zhang (2008) FSO Min.C/T, DM, Max. Qlty DES (AOOS), MOO (PSO), Modified 2-stage R&S VR ERTH China J

SB2.15 Marzouk et al. (2002) FSO Min. C/T GA, DES (EMSP) VR ERTH Canada C

SB2.16 Juliastuti et al., 2023 FSO Min.C/T LP (Simplex) ER HGWY Indonesia C

RQ6

Table 14: Selected Papers 
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8. APPENDIX II – CODING EXPLANATION 

 

- AHP – Analytic Hierarchy Process 

- Ant Colony Optimization – (Metaheuristic inspired by ant colony behavior) 

- CBGA – Constraint-Based Genetic Algorithm 

- Compromise Programming – (Multi-objective optimization method seeking 
compromise solutions) 

- Cycle-Based Algorithm – (Heuristic algorithm based on task cycles) 

- Data.M – Data Mining 

- DB + Modular Design – Database and Modular System Design 

- DBM (TOPSIS) – Decision-Based Method using TOPSIS 

- Decomposition and Relaxation – (Decomposition of problems into subproblems for 
easier solving) 

- DES – Discrete Event Simulation 

- DES (AOOS) – Discrete Event Simulation with Agent-Oriented Object Simulation 

- DES (Arena) – DES performed in Arena simulation software 

- DES (custom) – Custom-coded Discrete Event Simulation 

- DES (custom code στην Python) – Python-based custom DES 

- DES (EMSP) – Earthmoving Simulation Program 

- DES (EMSP, Microsoft C++ 6.0) – EMSP implemented in Microsoft C++ 

- DES (EZStrobe) – EZStrobe simulation platform for construction 

- DES (MATLAB custom simulation model) – Custom DES in MATLAB 

- DES (Rockwell Arena, MATLAB, CPLEX) – DES integration with Rockwell Arena, 
MATLAB, and CPLEX 

- DES (Simphony.NET) – Simulation using Simphony.NET 

- DES (SimPy) – Simulation using the Python SimPy library 

- DES (Web-Cyclone) – Web-based implementation of CYCLONE model 

- DSS – Decision Support System 

- DSS (GUI, input flexibility, multiple outputs) – DSS with advanced GUI 
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- DSS (VBA) – DSS coded with Visual Basic for Applications 

- DSS (GA vs AHP) – DSS comparing Genetic Algorithm and AHP 

- EXS – Expert System 

- EXS (ruled based reasoning) – Rule-based Expert System 

- Evolutionary Algorithm – (Generic evolutionary computation method) 

- FANP-FTOPSIS – Fuzzy Analytic Network Process + Fuzzy Technique for Order 
Preference by Similarity to Ideal Solution 

- Fuzzy AHP – Fuzzy Analytic Hierarchy Process 

- Fuzzy AHP + Fuzzy TOPSIS – Hybrid Fuzzy AHP and Fuzzy TOPSIS approach 

- Fuzzy ANP – Fuzzy Analytic Network Process 

- Fuzzy DEA – Fuzzy Data Envelopment Analysis 

- Fuzzy Logic – (Logic using degrees of truth for modeling uncertainty) 

- Fuzzy SWARA, CRITIC, EDAS – Fuzzy versions of SWARA, CRITIC, and Evaluation Based 
on Distance from Average Solution 

- Fuzzy TOPSIS – Fuzzy Technique for Order Preference by Similarity to Ideal Solution 

- GA – Genetic Algorithm 

- GA (Constraint Handling via Penalty) – GA with Penalty Function for constraint 
management 

- GA (Evolver) – GA implemented with Evolver™ Excel add-in 

- GA (Matlab) – GA coded in MATLAB 

- GA (Script Based) – GA implemented via scripting 

- Heur – Heuristic Techniques (general label) 

- Integer Programming – (Mathematical optimization with integer variables) 

- IoT – Internet of Things 

- IWDM – Improved Weight Decision Method 

- LP – Linear Programming 

- LP (MILP) – Mixed-Integer Linear Programming 

- LP (POEM) – Linear Programming for Earthmoving Operations (custom term) 

- LP (Simplex) – LP solved using the Simplex algorithm 

- MAUT – Multi-Attribute Utility Theory 
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- Match Factor & QT – Matching Factor and Quality Threshold 

- Math.Model – Mathematical Modeling 

- MCDAM Fuzzy AHP (α-cut defuzzification) – Multi-Criteria Decision Analysis Model 
with Fuzzy AHP using α-cut defuzzification 

- MCDM (AHP) – Multi-Criteria Decision Making using AHP 

- MCDM (AHP, Yager) – MCDM using AHP and Yager’s method 

- MCDM (Dell’Isola) – MCDM following Dell’Isola’s framework 

- MCDM (FANP-FTOPSIS) – MCDM using FANP and Fuzzy TOPSIS 

- MCDM (Fuzzy TOPSIS, Fuzzy VIKOR) – MCDM using fuzzy versions of TOPSIS and VIKOR 

- MCDM (MAU) – MCDM using Multi-Attribute Utility 

- MILGP (Matlab) – Mixed Integer Linear Goal Programming in MATLAB 

- MILP (via GAMS + CPLEX) – MILP solved using GAMS with CPLEX solver 

- MINLP (GEKKO) – Mixed-Integer Nonlinear Programming using GEKKO 

- ML (ANN) – Machine Learning with Artificial Neural Networks 

- ML (RF, SVM, KNN) – Machine Learning with Random Forests, Support Vector 
Machines, and K-Nearest Neighbors 

- ML (XGBoost, ANN, RF) – Machine Learning with XGBoost, ANN, and RF 

- MOO (EMO (NSGA-II)) – Multi-Objective Optimization using Evolutionary Multi-
Objective NSGA-II 

- MOO (Enhanced PSO) – Multi-Objective Optimization using Enhanced Particle Swarm 
Optimization 

- MOO (GA) – Multi-Objective Optimization using Genetic Algorithms 

- MOO (GP) – Multi-Objective Optimization with Goal Programming 

- MOO (IPSOM) – Multi-Objective Optimization using Improved PSO Method 

- MOO (NSGA-II) – Multi-Objective Optimization using NSGA-II 

- MOO (Pareto-based approach) – Pareto-front based Multi-Objective Optimization 

- MOO (PSO) – Multi-Objective Optimization using Particle Swarm Optimization 

- MOO (R2TA-PSO) – MOO using Region-based Two-Archive PSO 

- Monte C. – Monte Carlo Simulation 

- Operation Analysis – Operational Analysis (evaluation of process-level performance) 
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- PROMETHEE – Preference Ranking Organization Method for Enrichment Evaluations 

- PROMETHEE και ELECTRE – PROMETHEE and ELECTRE methods 

- QS, RII – Questionnaire Survey and Relative Importance Index 

- QT – Quality Threshold 

- SAW – Simple Additive Weighting 

- Simulated Annealing – Metaheuristic based on annealing in metallurgy 

- Stoch.SIM – Stochastic Simulation 

- Tabu Search + Simulated Annealing – Hybrid Tabu and Simulated Annealing method 

- ZOGP – Zero-One Goal Programming 
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