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Abstract

Abstract

Road and infrastructure projects have significant environmental impacts due to
their high energy consumption and CO2 emissions. Among it, earthmoving
operations contribute disproportionately to these impacts because of their
intensive use of heavy machinery. However, little is known about how
different equipment configurations and/or operational management strategies
affect the environmental impact of earthmoving operations. Specifically, there
is
x a lack of tools that enables stakeholders to understand and assess
environment impacts of per unit volume of earth handled,
x a lack of integrated method taking into account both environmental and
economic impacts in the planning of earthmoving operations.
This work aims to facilitate the adoption of sustainable earthmoving practices
in construction by providing methods for selecting environmentally costeffective equipment configurations for earthmoving operations. Based on these
considerations, three research questions were formulated:
x How can planners and construction managers of earthmoving projects
estimate the energy use and carbon emissions of earthmoving machines per
functional unit of material handled?
x Which factors relating to earthworks operations have the greatest impact on
energy use and carbon emissions?
x How can stakeholders optimize equipment configurations with respect to the
trade-off between the carbon emissions, time, and cost of earthwork
operations?
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To answer these questions, an exploratory research approach involving
multiple case studies was adopted. This resulted in the generation of a large
body of experimental data and made it possible to test new methods for
predicting and minimizing emissions due to earthmoving operations during the
planning phases of construction projects. Throughout, the work was guided by
the results of comprehensive literature reviews.
Key findings of the work presented here include:
x The combination of Discrete Event Simulations (DES) and mass haul
optimization (MHO) can be used to assess environmental impacts during
project planning stage. Artificial Neural Networks (ANNs) provides an
effective approach to model the relationships between input variables
relating to the earthmoving equipment and project conditions and output
variables relating to energy use and CO2 emissions per unit volume of
hauled materials,
x The environmental performance of an item of equipment during
earthmoving operations can be expressed as a function of the equipment’s
operational characteristics and the job-site conditions such as digging depth,
density of hauled materials and/or the topography of haulage surface. These
factors all have important effects on the environmental impacts of
earthmoving operations and the efficiency of the work,
x As expected, improving equipment utilization rates and/or cycle times
significantly reduces energy use and CO2 emissions per unit volume of
material handled. This also increases the equipment’s usage efficiency in
terms of fuel consumption per unit volume of material hauled. A high usage
efficiency (evaluated in terms of utilization rates and/or cycle times) thus
minimizes both the emissions and the costs of earthmoving operations.
x Planning tools that account for costs and durations when assessing the
carbon emissions of earthmoving operations make it possible to select
optimal earthmoving equipment configurations that minimize emissions and
costs (or at least do not increases costs).
In summary, this thesis identifies key factors that facilitate the assessment and
reduction of energy consumption and carbon emissions in earthmoving
projects. The developed approaches allow construction managers to benchmark
the emissions of different equipment configurations during project planning.
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The most important outcome of this work is the development of new methods
for assessing energy use and CO2 emissions per unit volume of materials
handled based on equipment characteristics and project conditions. These
methods can be used to compare equipment configurations during the early
stages of projects, and also for benchmarking/monitoring purposes during the
construction stage. In particular, their use in the planning stages could help
planners and construction managers to identify optimal equipment
configurations that will minimize the environmental and economic impacts
simultaneously.
Keywords: energy use, CO2 emissions, earthmoving operation, operational
characteristics, project conditions, selection equipment configuration.
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Sammanfattning

Sammanfattning

Väg- och andra infrastrukturprojekt har stor klimatpåverkan på grund av dess
ansenliga energianvändning och de CO2-utsläpp det medför. Masshantering har
en särskilt stor påverkan på grund av den intensiva användningen av tunga
anläggningsmaskiner. Trots detta saknas kunskap om hur maskinkombinationer
och/eller maskinanvändningsstrategier inverkar på masshanteringens
klimatpåverkan. Framförallt saknas:
x Verktyg som möjliggör för aktörer att förstå och bedöma klimatpåverkan
per hanterad massenhet,
x Integrerade metoder som tar hänsyn till både miljömässiga och ekonomiska
aspekter i planeringen av masshantering.
Denna avhandling syftar till hållbarare masshanteringsprocesser i byggandet
genom att tillhandahålla metoder för att val av klimatvänliga och
kostnadseffektiva maskinkombinationer för masshantering. Baserat på detta
syfte har tre forskningsfrågor formulerats:
x Hur kan planerare och platschefer i masshanteringsprojekt beräkna
energianvändningen och koldioxidutsläppen för masshanteringsmaskiner
per funktionell enhet av hanterat material?
x Vilka faktorer i masshanteringen har störst påverkan på energianvändningen
och koldioxidutsläppen?
x Hur kan aktörer optimera maskinanvändningen gentemot koldioxidutsläpp,
tidsåtgång och kostnader för masshantering?
Avhandlingens resultat visar att:
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x Kombinationen av diskret händelsesimulering (DES) och massoptimering
(MHO) kan användas för att bedöma klimatpåverkan i projektets
planeringsfas. Artificiella neurala nätverk (ANN) möjliggör en effektiv
metod för att modellera sambanden mellan inputvariabler relaterade till
masshanteringsprojektets maskiner och förutsättningar och outputvariabler
kopplade till energianvändning och koldioxidutsläpp per enhetsvolym
transporterat material.
x Klimatprestandan för en maskin som utför masshanteringsarbete kan
uttryckas som en funktion av maskinens operationella egenskaper och
byggarbetsplatsens förutsättningar såsom grävdjup, materialdensitet
och/eller transportvägarnas topografi. Alla dessa faktorer har stor påverkan
på masshanteringens klimatpåverkan och arbetets effektivitet.
x Förbättringar av maskinernas utnyttjandegrad och/eller cykeltider medför
signifikanta minskningar av energianvändning och koldioxidutsläpp. Detta
ökar dessutom maskinanvändningseffektiviteten uttryckt som bränsleåtgång
per transporterad enhetsvolym. En hög användningseffektivitet (i form av
utnyttjandegrad
och/eller
cykeltid)
minimerar
således
både
masshanteringsprocessens utsläpp och kostnader.
x Planeringsverktyg som tar hänsyn till både kostnader och tidsåtgång i
bedömningen av masshanteringens koldioxidutsläpp möjliggör optimala
maskinkombinationer kan väljas som minimerar både utsläpp och kostnader
(eller åtminstone inte ökar kostnaderna).
Slutligen, identifieras nyckelfaktorer i bedömningen och minskningen av
energiåtgång och koldioxidutsläpp i masshanteringsprojekt. De utvecklade
metoderna möjliggör för projektledningen att jämföra utsläppsprestandan för
olika maskinkombinationer under projektplaneringen.
Det viktigaste resultatet från denna avhandling är de utvecklade metoderna för
att bedöma energiåtgång och koldioxidutsläpp per enhetsvolym hanterat
material baserat på maskinernas egenskaper och projektets förutsättningar.
Dessa metoder kan i tidiga faser av projektplaneringen användas för att jämföra
maskinkombinationer och under byggfasen för att övervaka processen.
Användandet i planeringsfasen kan hjälpa projektledning och planerare att
identifiera optimala maskinkonfigurationer som kan minimera både
klimatpåverkan och kostnader.
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Introduction

1 INTRODUCTION

This chapter explains the background of the thesis, presents the problem
statement, outlines the motivation and purpose of the research, specifies the
research questions, and defines the scope of the research, before concluding
with an overview of the organization of the studies. The chapter is followed by
a summary of the author’s contributions to the appended articles and other
publications that emerged from this work.
1.1

Background

International financial institutions are progressively working to include
compulsory greenhouse gas (GHG) emissions assessments within their tender
contracting mechanisms (IRF, 2007), making the quantification and reduction
of GHG emissions an important step in the early stages of road infrastructure
projects. Furthermore, because of the worldwide concern about global
warming and climate change (Abanda et al., 2010), the environmental
performance of infrastructure projects has become a critical performance
indicator whose importance rivals that of traditional indicators such as cost,
time, and quality (Chan and Chan, 2004). The Infrastructure projects poses
serious impacts to the natural and human environment due to its emissions of
GHG and its subsequent contribution to climate change. However, the
construction industry lags behind many other industries in terms of the
implementation of environmental management measures (Muhwezi et al.,
2012). Therefore new innovative practices, technologies, and operating
procedures must be implemented that encompass both traditional practices and
consideration of environmental impacts (Latham Sir, 1994). The pressure to
reduce the environmental impact of construction processes is increasing, and it
is widely acknowledged that the global construction industry must make
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greater efforts to address GHG and climate change. Construction generates
substantial GHG emissions because of its use of machines primarily powered
by fossil fuel combustion. Many studies have made assessments of the large
influence the construction sector have on the total GHG emissions, e.g. in
Sweden (IVA, 2014), in Norway (Huang and Bong), in UK (BIS, 2010), in
Australia (Yu et al., 2017), Korea (TRoK,2011). Globally, the construction
industry is estimated to account for over 36% of all energy consumption and
around 39% of all carbon emissions to the atmosphere (Abergel et al., 2017).
In 2014, according to the World Meteorological Organization, carbon dioxide
levels in the atmosphere reached an all-time high (Edenhofer, 2015). As a
sector that uses immense quantities of fossil fuels and thus generates high CO2
emissions, the construction industry must therefore make a significant effort to
mitigate its carbon emissions (Wong et al., 2013). To this end, many countries
have established legally binding targets for reducing greenhouse gas emissions.
For example, the Swedish Transport Administration (STA) has introduced a
goal of gradually reducing CO2 emissions from transport infrastructure
projects, with intermediate goals of a 15% reduction by the year 2020, 30% by
2030, and complete climate neutrality by 2045 (Toller, 2018). Similarly, the
UK has a nationwide goal of reducing greenhouse gas emissions by at least
80% below 1990 year levels by 2050 (Act, 2008). To meet these goals, new
efficient tools are required that can be used during project planning to assess
the impact of each component of the construction process, and to create plans
for construction operations that will support impact mitigation strategies.
Planning phase measures are particularly important because early interventions
have the potential to be significantly less costly than remedial measures
performed during the construction phase.
Earthmoving operations are central processes during the upstream stages of
construction projects. Therefore, the transport infrastructure sector is under
considerable pressure to revise its practices and identify ways of reducing its
carbon emissions (Huang et al., 2013). This is especially true for transport
infrastructure projects (i.e., roads and highways), which use many heavy-duty
diesel (HDD) construction machines of various scales. These machines are
responsible for much of the environmental impact attributable to upstream
operations. Their impact depends on several factors including the nature of the
transport project, the type and quantity of earthwork operations, “the type of
terrain the road will pass through” (IVA, 2014), and the machines’ operational
characteristics (Lindgren et al., 2010). HDD engines are used in both non- and
off-road machines, and are the workhorses of earthmoving operations in
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infrastructure projects, but because they are fuelled with fossil Diesel, they
produce substantial amounts of CO2 emissions.
Previous studies have demonstrated a need for further research on the
environmental impact of construction processes but adequate tools or methods
are still lacking for assessing the impact of earthmoving operations during the
planning stage or for supporting decision-making in infrastructure projects.
Planners and contractors need effective and straightforward ways of predicting
and accounting for the environmental impacts of their choices. Fuel
consumption-based methods for assessing the environmental impact (i.e.
energy use and CO2 emissions) of different HDD engines have been used in
several studies. For example, studies have estimated the exhaust emissions
from mobile sources (i.e., on- and off-road machines) in the United States
(Dallmann and Harley, 2010), HDD truck emissions (Dreher and Harley,
1998), CO2 emissions and costs due to bulldozer use (Kecojevic and
Komljenovic, 2011), emissions for various HDD-powered machines (Klanfar
et al., 2016; Lewis and Rasdorf, 2016), and emissions due to truck dispatching
(Kaboli and Carmichael, 2014). In addition, various techniques have been used
to estimate the energy consumption and CO2 emissions of HDD equipment
during earthmoving operations. These techniques include linear programming
(Easa, 1988a; Ercelebi and Bascetin, 2009; Jayawardane and Harris, 1990;
Stark and Nicholls, 1972; Stark and Mayer, 1983), queuing theory (Alkass et
al., 2003; Carmichael, 1987; Karshenas and Farid, 1988), knowledge-based
expert systems (Alkass and Harris, 1988; Amirkhanian and Baker, 1992),
neural networks (Karshenas and Feng, 1992), match factors (Burt and
Caccetta, 2007), multiple regression (Chanda and Gardiner, 2010; Han et al.,
2008), and discrete-event simulation (AbouRizk, 2010; Ahn et al., 2009;
Zhang, 2013; Zhang et al., 2014).
Unfortunately, only a few of these earlier studies produced methods that can be
used to assess primary work types that occur during earthmoving operations,
and existing methods have notable advantages and disadvantages (Chanda and
Gardiner, 2010; Hardy, 2007; Karshenas and Farid, 1988). Moreover, the
effects of many parameters on emissions have not yet been fully investigated
(Barati and Shen, 2016a; Barati and Shen, 2016b). However, there is a clear
and urgent need to reduce and more actively manage diesel emissions (Arocho
et al., 2017; Lewis et al., 2015). To this end, it will be necessary to develop
efficient planning tools for earthmoving operations based on a robust
description of the way fuel consumption and CO2 emissions depend on the
operational properties of the construction machines, the site conditions, and
project characteristics. This work focuses on methods that can be applied
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during the planning phase of an infrastructure project to estimate the
environmental impacts of planned earthmoving operations based on the
consumption of diesel fuel by earthmoving machines and equipment. The main
developments presented here are a set of integrated tools for assessing the
environmental impact of earthmoving machinery per unit volume of hauled
materials. Used together, these methods facilitate the planning of
environmentally sustainable processes for earthmoving operations of civil
infrastructure projects.
1.2

Problem statement

The quantification of carbon emissions due to ongoing road construction is
often hampered by a lack of project data (Huang et al., 2013). To address this
issue and improve environmental performance in construction, practitioners
have been encouraged to create datasets with consistent formatting and
inventories (Bhandari et al., 2011). The difficulty of predicting the
environmental impact of earthworks operations during the planning phase (i.e.,
the pre-construction phase) is exacerbated by a lack of detailed data on
construction phase operations. Consequently, little attention has been paid to
predicting environmental impacts during the planning phase. These impacts
could potentially be reduced by integrating the assessment into the process of
transport infrastructure planning, particularly the planning of transport
activities (Zuidgeest, 2006). Modern planning techniques such as simulation
and optimization are generally only used in transport infrastructure projects to
optimize the trade-off between time and cost. Contractors and clients have
traditionally regarded these parameters as the most important and targetable,
but the simulation and optimization could also include environmental impacts.
Based on these considerations, the following problem statement was
formulated:
Decisions made during the planning phase of a road or infrastructure project
can profoundly affect both the environmental and the traditional (i.e. time and
cost) impact of the project’s earthmoving operations. However, there is a lack
of datasets, tools, and methods to support planning phase decision-making by
enabling estimation and understanding of the environmental impacts resulting
from the selection of different earthmoving equipment configurations.
Moreover, the relationship between environmental impacts, project conditions,
and the operational characteristics of earthmoving machines needs to be
established.
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1.3

Research motivation

In the context of research, the term motivation relates to actions implemented
by using knowledge and the techniques of relevant scientific disciplines to
further understanding of current situations and to correct or improve
established practices.
With this in mind, and given the range and variety of tools now available for
estimating and planning in construction management, it is becoming
increasingly important to consider environmental impacts. This is especially
true because global and local authorities have made it mandatory to consider
these impacts during construction projects. Unfortunately, there are significant
barriers to the use of traditional statistical methods and linear regression
techniques during the planning of construction projects. This is partly due to
computational constraints arising from the variability of the data that must be
considered and the lack of like-for-like inventory data on relevant activities
and operations. These difficulties may explain why stakeholders (i.e. planners
and contractors) in this field pay little attention to environmental impacts
during the early project planning stage when selecting machines and equipment
to be used in the construction phase.
This work sought to overcome these difficulties by generating large synthetic
earthmoving dataset representing real-world scenarios, and then verifying this
dataset by comparison to equipment performance measurements. This enables
the development of environmental prediction models that can be used during
the pre-construction phase of infrastructure projects, even when only limited
information is available. It also makes it possible to study the effects of
different parameters that can influence environmental performance during
earthmoving operations. An additional objective of this work is to find ways of
determining the environmental and economic impacts of every item of
equipment used in a configuration, and to thereby develop an efficient method
for selecting machines and equipment to use in earthmoving operations. As a
result, the findings presented here may be valuable to stakeholders (including
researchers, planners, and contractors) who wish to compare the energy use
and CO2 emissions of machines and equipment or earthmoving projects in
order to investigate the origins of any differences.
1.4

Research purpose and questions

The purpose of the research presented in this thesis was to develop assessment
tools that solve the planning phase problems discussed above and provide
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reliable estimates of the energy use and CO2 emissions of earthmoving
equipment. An additional objective was to increase stakeholders’
understanding of the behaviours of earthmoving machines based on the
machines’ characteristics and the project conditions on-site. A final objective
was to facilitate good decision-making on the part of transport infrastructure
project planners and contractors by developing a new practical method that
uses mass optimization and simulation to create different strategies for
allocating earthmoving equipment and planning earthwork operations so as to
optimize mass haulage with respect to both traditional (i.e. time and cost) and
environmental objectives. Three research questions were formulated based on
these purposes; Figure 1.1 shows the relationships between the purposes
discussed above and the research questions.

Figure 1.1: The purposes of the research presented in this thesis and the
research questions related to each purpose.
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Research question I
How can planners and construction managers of earthmoving projects estimate
the energy use and carbon emissions of earthmoving machines per functional
unit of material handled?
The first research question was addressed by investigating and identifying the
data, processes, activities, and techniques required to develop individual
models for use in the planning phase to assess the environmental impact of the
earthmoving equipment used in infrastructure construction projects.
Research question II
Which factors relating to earthworks operations have the greatest impact on
energy use and carbon emissions?
The second research question was motivated by the need to investigate and
identify the influence of different factors relevant to earthmoving processes,
including factors relating to both equipment and site conditions, to reduce the
environmental impact of earthmoving machinery and equipment.
Research question III
How can stakeholders optimize equipment configurations with respect to the
trade-off between carbon emissions, time and cost of earthwork operations?
Research question III was addressed by using the models developed while
answering questions I and II to optimize planned earthmoving operations by
investigating the impacts (i.e. time, cost, energy use, and CO2 emissions) of
equipment configurations considered during the planning phase to support
decision-making that will reduce the project’s overall impact.
1.5

Research scope

According to life cycle assessment (LCA) method, the scope of the study is
shown in Figure 1.2.
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Figure 1.2: The four phases of a transport infrastructure project’s life cycle
and their relationship to the issues examined in this work.
This thesis focuses on methods for assessing the energy use and CO2 emissions
per functional unit of handled materials in the planning stage of earthmoving
operations in transport infrastructure projects. The assessments are based on
the fuel consumption of non-road and off-road diesel machines and equipment
used in on- and off-site earthwork operations (e.g. operations along the main
line of a road or at borrow pits), and in the transportation of excavated or
stocked materials to dumping sites (i.e. filling or disposal areas). This focus
was chosen because earlier studies showed that earthmoving operations
account for the greatest part of the total environmental impact of the
construction stages of road infrastructure projects (Barandica et al., 2013;
Birgisdottir et al., 2006; Kenley et al., 2011; Kim et al., 2011). Additionally,
most current LCA methods lack quantitative analytical tools capable of dealing
with the variation and uncertainty arising from the dynamic nature of
construction processes. The environmental impact of the construction phase is
mainly due to the fossil fuel consumption of machines and equipment used for
material hauling (Hajji and Lewis, 2013a; Avetisyan et al., 2011; EIA, 2009;
Guggemos and Horvath, 2006; Hughes et al., 2011; Liu et al., 2019; Rasdorf et
al., 2015; Waris et al., 2014). For example, multiple groups (Hwang et al.,
2000) (Kim et al., 2012) have shown that in some projects, earthmoving
operations alone account for 90-95% of all on-site emissions. Similarly,
earthworks operations accounted for 60-85% of the construction stage
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emissions of four new construction projects in Spain, primarily because of
emissions from off-road construction machines (Barandica et al., 2013).
Most of the measures considered in this thesis are intended to improve the
environmental performance of earthmoving operations in road infrastructure
projects, for instance by selecting efficient configurations of machinery and
equipment and/or by improving the operational efficiency of a given
configuration by increasing the utilization rates of the chosen equipment. It
should be noted that this work focused on the effects of machine characteristics
and site project conditions on environmental performance. The effects of
operator skill and ambient conditions, which could also be significant, were
ignored because of a lack of adequate reference data.
1.6

Thesis Organization

This thesis is divided into six chapters. Chapter One introduces the research
problem, the motivation and purpose of the work, the research questions,
scope, as well as the list of publications. Chapter Two provides a literaturebased frame of reference for the thesis. The literature review was primarily
conducted to identify the research gap, focusing on the characteristics of
available data and models for estimating the energy use and emissions of
construction equipment (especially in earthmoving operations) and models for
selecting equipment configurations to be used in such construction operations.
Chapter two also provides an overview of modern techniques and tools used
when planning earthmoving operations and the possibility of expanding their
scope beyond traditional concerns such as costs and time. The chapter
concludes with a summary of the gaps identified in the literature. Chapter
Three presents the scientific approach adopted in this work. First, it describes
the research design and the process and methods used to address the research
questions, as well as a design for a detailed model that was developed to
estimate energy use and emissions. It then presents the adopted methodologies,
including the techniques and tools used to generate data and develop predictive
models, along with a three-dimensional model for configuration allocation that
enables optimal planning of earthmoving operations by integrating mass haul
optimization with discrete event simulation and various other approaches.
Chapter Four summarizes the appended articles and shows how they each help
fill the identified gap. Chapter Five reviews and discusses the research results.
Finally, Chapter Six summarizes the findings, presents conclusions, highlights
the contributions and limitations of the research, and identifies opportunities
for future work.
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1.7
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Olofsson supervised and reviewed the work throughout the study.
Article II: Jassim, H.S.H., Lu, W., Olofsson, T. (2018). Quantification of
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Springer,
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2 FRAME OF REFERENCES

This chapter provides a frame of reference for the thesis and presents a
literature review that was primarily conducted to identify the research gap,
outline the research questions, and draw conclusions about the
study’s outcomes by comparing its findings to existing theory.
The International Standards Organization (ISO 14040 for LCA) described the
underlying principles of LCA of products or services in terms of four basic
steps that must be performed to evaluate environmental impacts (Matthews et
al., 2015): defining the goal and scope, gathering inventory data and analysis,
impact assessment, and result interpretation. However, an obstacle of
performing a complete LCA assessment of infrastructure products is that the
construction operations of any given project will have unique characteristics,
giving rise to a high degree of operational fragmentation. The variation in the
operational characteristics of construction equipment and machinery further
increases the difficulty of creating comprehensive emissions inventories.
This study adopts a life cycle impact assessment approach of the involved
earthmoving operations using various modern techniques and tools (e.g. MHO,
DES, and ANN) to develop expressions and methods that can be used in the
planning phases of construction projects to assess environmental impacts per
unit volume of material hauled during earthmoving operations. An additional
goal was to develop an integrated framework for assessing the environmental
impact together with time, and cost of earthmoving operations based on mass
haulage optimization, DES, and various decision-making strategies. Such a
framework is required because of the growing need to reduce the CO2
emissions of transport infrastructure projects so as to meet national targets and
international commitments. The challenges associated with assessing the

13

Assessing Energy Use and Carbon Emissions to Support Planning of Environmentally
Sustainable Earthmoving Operations

environmental impact of construction equipment and/or earthmoving
operations are related to three key areas:
x Emissions assessment data: There is a lack of data needed to assess
emissions from construction equipment/operations.
x Emissions assessment models: There is a lack of reliable models for
assessing emissions from construction equipment/operations.
x Factors affecting emissions: It is not clear which parameters have the
greatest effects on emissions from construction equipment/operations.
2.1

Emissions assessment data

Comprehensive environmental datasets are needed to evaluate the
environmental impact of construction operations, and to support the
development of reliable impact assessment models (Abanda et al., 2013; Singh
et al., 2010). It is therefore essential to identify input data from the construction
sector that can be used to derive reliable emissions factors for non-road
machines and equipment (Zhang et al., 2017). For around three decades,
researchers have attempted to gather environmental data on the construction
sector by measuring the fuel consumption of construction machines and
equipment. Three main sources of data have been used in these efforts:
Laboratory tests: These tests are typically conducted on engines operating
under steady state conditions using chassis dynamometers (LaClair and
Truemner, 2005; Yanowitz et al., 2000) and roller dynamometers (Matter et al.,
1999). Engine dynamometer tests (Ainslie et al., 1999; Babbitt and Moskwa,
1999; Lindgren and Hansson, 2004), in which emissions are sampled directly
from the exhaust pipe (Harris and Maricq, 2001), are also common. These tests
sample and collect exhaust emission from heavy duty engines used in various
construction vehicles (Rasdorf et al., 2010; Rasdorf et al., 2012). A chassis
dynamometer simulates the resistance imposed on a vehicle’s wheels under
different driving cycles during a steady load driving test based on a predefined
time-velocity curve, the assumption being that a real driver would operate the
vehicle in a manner consistent with the curve. Unfortunately, tests of this kind
cannot reproduce real-world driving conditions and emissions (Yang et al.,
2018).
Real-world measurements: Real-World In-Use measurement involves
collecting real world air pollutant emissions from HDD equipment while it is in
use. This is done using a device called a Portable Emissions Measurement
System (PEMS) that performs emissions measurements in real time. A PEMS
is small and light enough to be carried inside or moved with a motor vehicle
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that is being driven during testing, rather than on the stationary rollers of a
dynamometer (which only simulates real-world driving). Since this technique
measures emissions directly while the machine is operating under real-world
conditions, it is considered to provide more accurate emissions data than
laboratory tests. Real-world measurement is therefore an important tool for
evaluating emissions from various types of engine and has been used to derive
correlation factors relating laboratory measurements to real data for various
engine situations and driving cycles. PEMS measurements have revealed that
some engine types and emission control technologies used in heavy duty
vehicles perform very differently in the real-world than under laboratory
conditions (EEA, 2016).
Synthetic data: Emissions can also be estimated using models or simulations.
This approach does not require a specific instrument to be attached to the HDD
equipment. Some studies have used engine parameters, fuel characteristics, or
information on project activities to estimate or predict emissions. One
technique that has performed well in this context is discrete event simulation
(DES), which has proven useful for generating datasets from which emissions
can be evaluated. It is therefore a powerful technique for modelling the
dynamics of the operational characteristics and analysing the GHG emissions
from construction processes (Ahn et al., 2010; Golzarpoor et al., 2017;
González and Echaveguren, 2012; Jewbunchu and Peansupap, 2018;
Limsawasd and Athigakunagorn, 2017). It is particularly powerful when used
in conjunction with reference data such as machinery and equipment
performance datasets (Yi et al., 2017); DES using such data is recognized as a
valuable tool for quantitative analysis of complex construction actives
(Martinez, 2009a). A DES approach was adopted in this work to estimate the
impact of various earthmoving operations by generating realistic synthetic data
that were used to develop predictive artificial neural network (ANN) models
for different earthmoving machines.
2.2

Emissions assessment models

An emissions assessment model is a framework or set of procedures that
enables practitioners in a specific area to assess or estimate the desirable or
non-desirable effects of their activities, operations, systems, and processes.
There is a strong demand for environmental models to evaluate the effects of
construction operations on the environment. Particularly those
operations/activities associated with the use of heavy machinery and equipment
on-site and off-site construction. Several environmental models based on
diverse principles and approaches have been developed to assess the energy
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consumption and emissions of construction operations. The usefulness of these
models for assessing the impact of specific activities and operations appears to
depend on the methods used in their development and the quality of the
available data.
Environmental assessment models often rely heavily on inventory data and
specification data for Heavy Duty Vehicles (HDV), together with information
on the type and quantity of fossil fuels consumed by those vehicles. Their
outputs can be useful for developing policy and supporting decision-making,
and for improving emissions assessment at the national and regional levels
(Linton et al., 2015). In general, these models can be separated into two
categories based on the concepts they use to assess emissions rates. There are
aggregated models that estimate overall fleet-wise emission rates roughly
based on the distance travelled and the average travelling speed, and then
normalize the results on a per-activity basis to estimate emissions in terms of
the mass of pollutants emitted per unit time or per mile (Ajtay et al., 2005).
Aggregated emission factor models are arguably the simplest possible emission
models, and are based on the means of measurements on a number of vehicles
over specific driving cycles (Boulter et al., 2007). They produce outputs in the
form of estimated emissions per vehicle, per unit distance travelled, or per unit
of fuel consumed. Another model is disaggregated models that internally assess
fleet-wise emission rates for different operating modes (Koupal et al., 2002).
Models of the latter kind have been described as instantaneous
parameterization models; they aim to produce more accurate estimates of
emission rates by considering driving patterns based on different combinations
of instantaneous speed and acceleration (Barth et al., 2004). The paragraphs
below briefly describe some models that are widely used to assess emissions
from construction equipment and/or projects:
x NONROAD 2005 is a model that uses application-specific engine
population data for a base year to estimate the emissions of future and
historical engine populations. The base year data are included as default
values in the emission inventory model, and are categorized by equipment
type, engine power level, and fuel type. The model permits the phase-in of
new emission standards and other unique aspects of emissions or
allocations. This model is concerned with engines rather than equipment
operations because present and planned non-road emissions regulations
focus only on engines. The engine populations can be divided into many
applications reflecting the diversity of non-road machinery types, and each
application is further subdivided over five fuel types and nineteen power
levels (0-3000+hp) (EPA, 2007). NONROAD 2008 was used to derive
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emission factors for non-road vehicles and diesel equipment in support of
county- and national-level emissions inventories (EPA, 2009). A recent
updated version of the NONROAD model (NONROAD2008) differs from
NONROAD2005 in the way it accounts for new exhaust and evaporative
emission controls. The newer version predicts substantially lower HC and
CO emissions, and somewhat lower NOx and PM emissions than
NONROAD2005 even though they both use comparable scenario inputs
(EPA, 2009).
x The Urban Emissions 2007 (URBEMIS) model estimates air pollution
emissions for a wide variety of construction projects based on the equipment
and materials that they use. It accounts for emissions from different
categories of machines and equipment by using the California Air
Resources Board’s (CARB) EMFAC2007 model to describe on-road
vehicle emissions and the OFFROAD2007 model to describe off-road
vehicle emissions (URBEMIS, 2007). Version 9.2.4 of this model was
released in February 2008; it accounts for factors including project size,
equipment characteristics, and emission factors developed using the
OFFROAD model to estimate total air pollutant emissions for different
projects at the state and national levels. It also allows users to create and
save files listing individual construction machines or pieces of equipment
that can be assigned to the construction phase of a project (EPA, 2009).
x The CalEEMod software package was introduced in the 2010s by the South
Coast Air Quality Management District (South Coast AQMD) to replace the
URBEMIS model for evaluating air quality and pollutant emissions from
construction projects (Choum, 2013). It is described as a “statewide land use
emissions computer model” designed to determine the pollutant and
greenhouse gas (GHG) emissions associated with both the construction and
operational phases of diverse land use projects. CalEEMod provides a
uniform platform for use by government agencies, land use planners, and
those concerned with the environment.
x The Roadway Construction Emissions Model (RCEM) was developed to
support linear construction projects such as the construction of new
roadways, roadway overpasses, embankments, or pipelines, as well as road
widening projects. It uses basic project information (e.g., total duration of
construction in months, project type, and total project area) to estimate a
construction schedule and determine GHG emissions from heavy-duty
construction machinery and haulage trucks (Barton, 2016).
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x The MOtor Vehicle Emission Simulator (MOVES) was developed by the
United States Environmental Protection Agency and first released in 2010.
It is a project-level modeling tool that uses a vehicle emissions simulator to
predict the instantaneous (e.g., second-by-second) operations of a particular
vehicle and thereby assess its emissions. An updated version of the model
(MOVES2014) was subsequently released, followed by two minor revisions
(MOVES2014a and MOVES2014b) that corrected some minor problems
with the previous version and included an important change to support the
estimation of non-road emissions for equipment satisfying the EPA’s Tier 4
standards. The revisions also include updates to non-road diesel fuel
characteristics in order to account for vehicle characteristics such as fuel
type, engine type, model and year, loaded weight, and engine size, as well
as the impact of different operating states (idling, accelerating, cruising, and
decelerating). MOVES was recently officially adopted for the assessment of
vehicle fuel consumption and emissions in the USA (Faris et al., 2011).
However, it needs a lot of input data, including information about vehicle
miles traveled (VMT) by vehicle type, the number of each type of vehicle in
the configuration under consideration, vehicle age distribution, fuel type and
characteristics, average speed distribution, road type distribution, ramp
fraction, zone (custom domain only), starts, retrofit data, and meteorological
data. The model offers two approaches for calculating emissions: the
inventory approach, which estimates total emissions in units of mass, and
the emission rates approach. The latter approach yields emissions per unit of
distance for running emissions, per profile for evaporative processes, or per
vehicle for starts and “hoteling” emissions, i.e. emissions during extended
periods of mandatory downtime that drivers may spend in their vehicles
during long distance deliveries (EPA, 2015).
x The PaLATE model was amalgamated from work done by the Green Design
and Manufacturing center at the University of California-Berkeley: It is a
life-cycle assessment tool for estimating energy use and GHG emissions due
to transportation construction projects at the level of equipment and material
use, and it requires detailed input data on roadway design and dimensions
(Horvath, 2008).
x The GreenDOT model was developed as part of the National Cooperative
Highway Research Program (NCHRP). It requires very detailed input data
on the construction operations and activities of the project under
consideration, and was designed to help improve the environmental
performance of transportation projects by enabling the development of
improved analytical methods, tools for decision-making support, and
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techniques and procedures that can be used by practitioners in this field to
support planning and programming. For example, it can be used by state
departments of transportation to estimate CO2 emissions for different phases
of roadway construction, including emissions from materials, on-road and
off-road construction equipment, and the transportation of materials to
construction sites (Skolnik et al., 2013).
All these models are designed to assess the energy use and CO2 emissions of
construction projects. They generate assessments at various levels (ranging
from the national or state level to the level of individual projects). Each one
needs specific types of input data to generate assessments. However, it is
difficult to use these models to estimate environmental impacts based on the
functional units of earthmoving operations at the planning stage because these
impacts depend on the choice of equipment and the project conditions.
2.3

Factors affecting emissions

The literature review shows that many factors influence the energy use and
emissions of earthmoving operations, and that these factors are interdependent.
The factors can be categorized into three groups: work site conditions,
equipment characteristics, and equipment operating conditions (see Figure 2.1).

Figure 2.1: Factors affecting emissions from earthmoving operations.
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This work examines factors from all three groups to evaluate their impacts on
emissions due to earthmoving operations. Knowledge of the characteristics of
heavy duty diesel engines and machine operations and their effects on the
environmental impacts of earthmoving machines (i.e. their energy use and
emissions) is needed to identify ways of reducing these impacts and to develop
environmentally friendly equipment allocation/operation procedures. Several
studies have investigated one or more of the factors specified in Figure 2.1.
The following paragraphs briefly summarize factors that may be relevant to
machinery or earthmoving operations, focusing particularly on those whose
impacts may be difficult to measure or quantify (Fan, 2017).
The size, average load factor, and fuel emission ratio of diesel engines is
identified as the main factors affecting emissions in an analysis of the
parameters of the NONROAD and OFFROAD emission models (Lewis et al.,
2012). Lewis (2009) investigated the dependence of emissions on engine
attributes including engine mode and engine size, and introduced the engine
mode factor for estimating the fuel consumption of construction equipment.
Conversion factors were developed to estimate the rate of emission of various
pollutants based on fuel consumption. Later studies examined the impacts of
two operating models of regular excavators with three types of earth to
determine how changes in activity conditions (e.g. trench depth and bucket
size) affected overall emissions (Hajji and Lewis, 2013a; Hajji and Lewis,
2013b).
Abolhasani and Frey (2012) studied the effect of duty cycles and engines on
emissions rates by analyzing onboard mass emissions data and developing
modal models based on a case study of nine non-road construction vehicles
(five bulldozers, one excavator, a front-end loader, and two off-highway
trucks). Emission rates were measured during the machines’ normal operations,
revealing that their mass emission rates varied by over 50% depending on the
duty cycle. Moreover, Hajji and Lewis (2017) reported a strong positive
correlation between the cycle times of earthmoving equipment and emissions.
The effects of acceleration, payload, and speed as operational parameters for
emission modelling were investigated, revealing that the emission rates of
construction equipment are sensitive to the road condition and grade, and to
environmental parameters such as the ambient temperature and pressure (Barati
and Shen, 2015). Subsequent investigations examined the effects of operational
parameters such as truck speed, road grade, and payload on emissions, showing
that all three of these quantities are primary operational factors affecting
emissions per unit distance travelled by construction equipment for given site
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conditions (Barati and Shen, 2017). An analysis of two case studies using fuel
consumption rate data supplied by the Korean Institute of Construction
Technology (KICT) showed that increasing the operational capability of
construction machinery can reduce GHG emissions (Kim et al., 2012; Kim et
al., 2013). Lewis et al. (2011) used the results of a field study on 34 units of
non-road diesel construction equipment to assess the impact of idling time on
diesel fuel consumption and CO2 emissions from non-road construction
equipment. Parameters examined in their study included idle, non-idle, and
average diesel use and CO2 emission rates, which were used to determine
operational efficiency ratios for each item of equipment (i.e. the ratio of nonidle time to the sum of idle and non-idle time), as well as diesel consumption
and CO2 emission rates. They also characterized the relationships between fuel
consumption and emissions for each item of equipment and each activity
performed in the project, and derived equipment operational efficiency factors
to evaluate the effects of equipment operations on emissions during
construction activities. Ahn and Lee (2012) evaluated the impact of integrating
data on the operational efficiency of construction equipment into planning
stage emissions assessments. Their findings indicated that consideration of
environmental aspects could help improve the integrated value (i.e. the net
value resulting from schedule compliance, cost, and environmental impact) of
construction projects.
Kaboli and Carmichael (2012) examined the effects of changing operational
parameters such as equipment heterogeneity, payload, and haulage time on the
emissions and costs of earthmoving operations and similar activities. They also
studied the effect of truck allocation on unit emissions and unit costs, and
concluded that the best way of reducing emissions and costs was to use linear
programming (LP) to optimize truck dispatching. They subsequently
performed a sensitivity analysis to investigate the effects of changing loading
and travel times on fuel consumption (Kaboli and Carmichael, 2014). The
effects of operational parameters such as truck size, payload, fuel use, and
travel and load times on unit cost and unit emissions were also investigated
(Carmichael et al., 2014). More recently, these authors studied the impacts of
truck-oriented earthmoving parameters including haul grade, payload, and
truck type on fuel consumption and emissions rates (Kaboli and Carmichael,
2016).
The studies discussed above identified some ways of reducing emissions from
construction equipment and operations, as well as some factors that affect these
emissions. However, much remains to be learned in this area. In particular,
there is a need to confirm the findings of earlier studies and to evaluate the
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effects of various factors under diverse conditions. Therefore, the research
presented in this thesis focused on clarifying the effects of factors addressed in
earlier studies such as cycle time, engine load factor and horsepower, digging
depth, payload, and haul distance. In addition, a range of previously
unexamined factors were considered, such as the utilization rate and grade
horsepower. All of these factors were analysed with respect to their effects on
the environmental impact of construction equipment and operations.
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3 SCIENTIFIC APPROACH

This chapter describes the research design and the methods used to address the
research questions. The first section of the chapter outlines the research
design, and the second discusses the research process and empirical data
collection procedures.
3.1

Research design

The use of an appropriate design strategy ensures that the research questions
can be tackled and that the research outputs can be validated (Liu et al., 2015).
Figure 3.1 presents the research design used in this thesis. The diagram shows
five key steps in my research work: (1) Problem identification and definition of
relevant variables; (2) Method formulation; (3) Method development; (4)
Method verification; and (5) Method demonstration. These steps are described
briefly below.
Problem identification and definition of relevant variables is done by
conducting literature reviews based on problem statements that directly link the
identified problems to specific objectives. There should also be a statement
identifying issues and obstacles that may prevent the achievement of these
goals. In addition, it is essential to collect and analyse archival and backup data
relevant to the problem statement. Detailed descriptions of the data extracted
and used in this research are presented in subsection 3.3.
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Figure 3.1: The research design used in this work.
Method formulation involves creating a prototype model. It is widely
recognized as a powerful approach for research seeking to develop new
technical solutions or computer-based tools (Dameshek, 2008; Golfarelli and
Rizzi, 2011). The prototypes created in this work were developed to better
understand the requirements of the earthmoving process and aspects of its
planning that require further development. The prototyping approach is a
systems development method that is intended to generate systems with high
overall functionality. This functionality should support exploratory work based
on knowledge and tools for logical deduction (i.e. inference engines) in order
to clarify the requirements of the complete process or product (Alkass and
Harris, 1991). Prototypes can also be operated, tested and verified in case
studies to support the acceptability of the final product or process. In this
context, acceptability refers to the ability to satisfy the requirements of the
complete process or product (Luckin et al., 2011).
In the long term, a prototype for a construction project can be considered
realistic if it incorporates pragmatic construction planning and addresses the
details, measurements and quantities, coordination, conditions, and regulations
relevant to the project (Sampaio et al., 2012). In the short term, prototyping
may be valuable because construction work sequences treat the “foundational
logic” of the activity flow as a sequence that cannot be varied (Li et al., 2012).
Despite the significance of the prototyping approach, it has limitations
stemming from a lack of resources and datasets needed to evaluate processes
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and the performance of systems or products effectively (Han et al., 2014;
Strand, 2005). Multiple authors (Candlin and Wright, 1992; Davis and Olson,
1984) have concluded that the prototyping approach is best suited for use in
projects with high levels of uncertainty. Because this is the case for
earthmoving operations in transport infrastructure projects, prototyping was
chosen in this work to demonstrate the applicability of a proposed simulation
model based on mass haul optimization and data extraction. The prototype
model was then applied in case studies based on equipment performance data
and measurements from an actual earthmoving project. The developed
prototype can be generalized and used as a framework for measuring an
activity’s performance, monitoring its progress, and clarifying the information
flow and activities involved in similar type of projects in the future.
Method development involves specifying a hypothesis and the definitions
under which the theory is to apply. This primarily means identifying the
relevant factors for the process under consideration and then characterizing the
relationships between them as well as other variables that may affect them. The
problems and gaps related to the difficulty of assessing the environmental
impact of earthmoving operations in the early planning phase is largely due to
the limited availability of information on machinery and site conditions for
earthmoving projects. DES and ANN were used in this work to address these
gaps and develop new predictive models. In addition, mass haul optimization,
DES, and decision-making strategies were implemented to develop a model for
planning earthmoving operations for transport infrastructure projects in terms
of time, cost, and emissions.
Method verification involves testing the applicability of the final prototypes.
This is usually done either by comparing the output of models to a subset of the
original data used in their development, or by comparing the models’ output to
reference data such as that provided in the handbooks supplied by
manufacturers of earthmoving machines. Such comparisons may be conducted
to verify the applicability of prototypes and justify their use in resolving the
problem of interest. In the final part of this work, verification was performed
by comparing the results obtained to previously reported data and by matching
index factors for relevant issues.
Method demonstration involves implementing the developed methods and
findings. In this work, this meant applying the developed methods and tools in
case studies to validate their ability to solve the problems identified in the first
step. Case studies were identified as efficient tools for exploring the
applicability of the developed models and findings in real-world situations
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because studying real world operations in natural settings with relevant
theoretical support can enhance the understanding gained by observing actual
practice. Two case studies were conducted in order to evaluate, and
demonstrate the efficiency of the research outputs. A detailed description of
these studies is provided below.
3.2

Research process

Figure 3.2 presents a graphical overview of the research process, showing the
progression from the research questions and research design to the choice of
research methods, case studies and finally the main outputs of the research, the
appended articles in the thesis.

Figure 3.2: Overview of the research process for this work.
An exploratory approach based on experimental research methods was applied
when considering each research question. Such approaches tend to utilize postpositivist knowledge claims based on predetermined approaches and numerical
data such as performance data together with statistical analysis and
interpretation (as was done in this work) (Silva and Menezes, 2001). The
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selection of an appropriate "Question Tool" for each research question was also
important because precise formulations of research questions enable clear
interpretation and understanding of the proposed problems (Yin, 1989).
The question tools “How” and “Which” were thus used to formulate the
research questions. “How” was used to define the main research objectives
relating to RQ1 and RQ3 and to thereby clarify the research strategy (i.e., the
purpose and context of the modelling work). In this case, the focus was on
exploring and generating data and developing models and formulas to facilitate
assessment of the environmental impact of earthmoving operations. “Which”
was used in relation to RQ2 to provide a partial specification of the research
question or hypotheses, with the aim of obtaining insight into the parameters
and elements that affect the environmental impact of earthmoving operations.
As mentioned in the research design section, the research process began with a
literature review focusing on publications relevant to the research questions.
The main objective of this review was to reconsider the existing data and
previously reported methods for assessing the environmental impact of
earthmoving operations in order to identify the main sources of this impact. An
additional goal was to investigate the variability and consistency of these
methods in terms of their usability and applicability given the requirements of
the planning phase.
Articles I, II, III, and IV address question RQ1 in two ways. First a detailed
model was developed for assessing the environmental impact of earthmoving
operations (see article I). The main objective was to ensure the ability to
integrate environmental assessment into mass haulage plans generated using
mass haulage optimization tools such as DynaRoad. Article I examined the
mass haulage operations in case study A, a road construction project (väg 870)
in Kiruna, Sweden. The case study was used to demonstrate the applicability of
the develop model. The results showed that the haulage distance, productivity
rate, and number of cycles all influence the performance of earthmoving
operations (i.e. truck performance), and that this performance can be improved
by selecting suitable operating plans.
Secondly, these articles provide more general and comprehensive datasets to
address the lack of relevant data for environmental impact assessment. The first
parts of articles II, III, and IV deal with the development of a framework for
generating assessment data by defining the activities and operations for the
earthmoving processes. This framework was generalized by using computerbased techniques and a prototyping approach based on DES. Additionally,
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much of the data presented in articles II, III, and IV was used to support the
development of the final assessment models/algorithms relating to RQ1. This
research question is exploratory in nature; it concerns “how” to create a new
approach that can be regarded as a technical solution for integrating synthetic
data on earthmoving operations (from DES) with environmental data. In this
work, artificial neural network (ANN)-based predictive model was used to
evaluate the input parameters of the of earthmoving operations (i.e. the site
conditions and the properties of the available earthmoving equipment) impact
on the energy use and carbon emissions.
In summary, RQ1 targets the problems associated with lack of data when
assessing environmental impact of earthmoving equipment per unit of work.
This question was answered by developing a framework and generating data
that could support theory-driven research in future and also be used to monitor
the environmental performance of construction-stage earthmoving operations.
The second parts of articles II, III, and IV address RQ2 by using the findings
from the developed prototypes. The impacts of various factors selected as
input-output data (IOD) of the ANN environmental models used were analysed
and prototypes were created using the weighted propositions method. A
sensitivity analysis was performed to evaluate the relative importance of each
of the input variables (i.e., the independent parameters of the ANN model) with
respect to the chosen outputs (i.e., energy use and CO2 emissions). The
empirical and generated data were then used to explore the effects of different
aspects and parameters of earthmoving processes on environmental
performance under various conditions and constraints.
Finally, RQ3 was addressed by using exploratory research approach in the
development of a general framework/model to guide the planning of
earthmoving operations. This framework/model is presented in article (V), and
can be seen as a technical solution for integrating mass haulage optimization,
DES, and decision-making during the planning phase of earthmoving
operations. Three concepts were developed to support planning stage decisionmaking by identifying early opportunities to reduce project impacts. A
literature study was conducted to identify the research gap and to summarize
existing knowledge relating to DES, assessment models, indexes of equipment
configuration performance, and the energy use and CO2 emissions of
earthmoving operations. The model developed in article V mainly focuses on
the optimization of earthmoving operations in transport infrastructure projects
in terms of cost, time, and environmental impact. It accounts for the selection
of machines and equipment used on site, the conditions in which these
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machines are used, and the types of work done when hauling different
materials. The article’s key conclusion is that integrating mass haulage
optimization with DES offers an effective way of improving earthmoving
performance in terms of cost, duration, and environmental impacts.
3.3

Data generation and use

In this thesis, “empirical data” refers to data collected in the documentation of
transport infrastructure projects, including designs and drawings, geotechnical
data, and spatial and non-spatial datasets. It also encompasses data on the
properties and characteristics of construction machinery and equipment from
manufacturers’ handbooks, performance data, and cost data from archived
documents obtained from construction companies. Conversely, the “generated
data” refers to synthetic datasets generated for diverse earthmoving scenarios
by DES. The quality of the generated datasets was verified by comparison with
appropriate reference empirical datasets. Datasets of both types were important
in the studies presented in this thesis, and the generated data in this work
significantly alleviate the lack of comprehensive datasets that was identified as
a major barrier to reliable environmental impact assessments in the planning
phase (see Figure 3.3).
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Figure 3.3: Overview of the data used in the research.
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Articles II, III and IV investigated the data needed to assess the energy use and
emissions. These assessments were based on project data and a database of
performance information supplied by equipment manufacturers to overcome
the scarcity of on-site emissions measurements. The analysis of these data
provided insight into the parameters, processes and practices required to assess
energy use and emissions, and also revealed parameters that could be tuned
with the assistance of ANN models to reduce environmental impacts. To this
end, input-output environmental data (empirical and generated) were used to
develop predictive ANN models. DES processes were designed to mimic realworld scenarios and to explore the effects of machinery-related variables and
site conditions. Their design was based on reviews of several case studies
examining earthmoving operations. Articles relating to the planning of
earthmoving processes.
3.4

Case studies

Article I focuses on optimization (specifically, distance-based mass haulage
optimization) and determines how the choice of truck model and haulage route
affects emissions when hauling different materials. The effects of these
variables were found to be related to the engine load, which emerged as a
useful parameter to consider during both the early planning and the
construction phases. The performance of the detailed model developed in this
article was demonstrated by applying it to data from case study A, which
examined the väg 870 road construction project in Kiruna municipality in
northern Sweden.
A comprehensive model for planning earthmoving operations and allocating
equipment configurations is presented in Article V. This model uses various
techniques and tools to derive optimal plans for earthmoving operations
covering everything from the mass distribution to the final allocation of
machines and equipment. Its use was demonstrated in case study B, which was
mainly conducted to test the developed prototypes. The case examined in this
study was the väg 26/47 road construction project in Mullsjö municipality in
southern Sweden.
The applicability and performance of the developed models in articles II-IV
was tested in hypothetical cases using empirical data from Case A and B.
These tests evaluated the model’s ability to assess environmental impacts and
support decision making about equipment selection, and provided further
insight into their practical utility in the early planning stages of construction
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projects. Table 3.1 shows the data sources and case studies on which each
article is based.
Table 3.1: Cases and data sources used in the appended articles.
Article
Case
Type
Description

I
II, III, IV
Case A
Cases A and B
Actual case
Hypothetical cases
Road construction project Synthetic scenarios
(väg 870) in Kiruna
and testing against
real-world data
municipality in northern
Sweden
X
X
Archival data
X
X
Machinery data
X
Synthetic data

3.5

V
Case B
Actual case
Road construction project
(väg 26-47) in Mullsjö
municipality in southern
Sweden
X
X

Methods, tools and techniques

Figure 3.4 shows the workflow of this thesis and the progression from the
selection of data sources to the application of specific techniques, methods,
tools, and resources that ultimately generated the results presented in each
article.
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Figure 3.4: Flow-chart of the methodology followed in this research work.
The main techniques used by the software tools applied in article I-V are Mass
Haul Optimization, Discrete Event Simulation and Artificial Neural Network.
Mass Haul Optimization (MHO) is a powerful technique used to balance
earthwork volumes in order to control costs, primarily by minimizing hauling
distances. It is widely used to manage the distribution and haulage of
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earthworks materials in road and highway construction projects. MHO is
commonly used to obtain practical solutions to the shortest route cut-and-fill
problem (SRCFP), but the approach has been extended to address other
impacts of earthmoving operations in transport infrastructure projects. It has
been implemented using diverse algorithms and applications in order to:
1) Reduce costs (de Lima et al., 2012; Easa, 1988a; Easa, 1988b; Hare et al.,
2015; Jayawardane and Harris, 1990; Son et al., 2005; Stark and Mayer,
1983),
2) Minimize project costs and completion times based on resource
availability (Jayawardane and Price, 1994a; Jayawardane and Price,
1994b), and
3) To identify earthworks allocation sections, find optimal grade lines, and
determine the optimum cost of transporting the earthmoving volumes
(Moreb, 1996).
SRCFP has been used to select hauling routes that minimize the total haulage
distance individual earthmoving trucks using simulated annealing algorithms
(Henderson et al., 2003). This approach was subsequently extended by
developing a specialized tabu search method to overcome the shortcomings of
the original simulated annealing strategy (Lim et al., 2005). Another
publication presented a simple cycle-based optimization method for solving
the SRCFP with linear time complexity (Li et al., 2005).
MHO serves as the basis of several construction planning programs and tools,
including DynaRoad and TILOS. These programs are used by construction
companies to plan earthmoving operations to optimize mass haulage
procedures. DynaRoad is a project management software suite that is
commonly used in large scale infrastructure construction projects. It has a
range of tools for generating mass haulage plans, and was used to optimize
mass haulage operations in this work. DynaRoad has proven to be a useful tool
in the early stages of project planning because it allows users to specify
construction zones and identify a mass balance that supports the creation of a
balanced mass haulage plan that avoids surplus and deficit material. It also
helps users identify optimal locations for crushing plants, disposal areas, and
borrow pits if needed.
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DynaRoad was used to identify optimal mass hauling destinations for all actual
and hypothetical case studies considered in this thesis and the appended
articles. The program depends on the accuracy of the user-supplied input data;
in this work, the input data was stored in the form of Excel files specifying the
volumes of cutting and filling areas along the main lines of selected road
construction projects.
Discrete Event Simulation (DES) can mimic the construction operations of
real-world projects and has been widely used to simulation earthmoving
operations. It has been used to forecast the productivity of haulage trucks in
earthmoving operations (Montaser and Moselhi, 2014) and to analyse the
effects of the dynamics of earthmoving operations (Maghrebi et al., 2013). Ahn
et al. (2010) used DES to enhance the credibility of emissions estimates from
construction processes. Irizarry et al. (2012) developed a prototype of a
“Sustainable-Construction Planning System” that can mitigate the negative
environmental impact of construction processes.
In this work, DES was used as an effective way to generate data to estimate the
energy use and CO2 emissions of earthmoving operations. Specifically, it was
used to extend the prototypes presented in article II by exploring the
environmental impact of diverse non-road and off-road construction machines
on the varied earthmoving operations that occur in real-world infrastructure
projects, as reported in articles III, IV, and V. A range of hypothetical
earthmoving scenarios was simulated to generate the earthmoving datasets
needed to build predictive models. In order to accurately mimic real
earthmoving operations many parameters and factors relating to the site
conditions and operational properties of machines and equipment were
included in the simulations. Standard plots, data, and information from case
studies A and B were used to develop a basic DES model for the theoretical
design of earthmoving operations that was later tested (i.e. prototyping) in
different earthmoving project scenarios.
Artificial Neural Networks (ANN) are widely used in the field of artificial
intelligence and machine learning. They have proven to be powerful tools for
solving diverse problems relating to construction activities and operations,
particularly those where the relationships between input variables and
parameters are unclear.
While many studies on the use of ANNs to optimize and plan earthmoving
operations have been published, most of them focused on traditional
performance indicators for construction operations such as cost, time, and risk.
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Only a few have examined the potential for addressing environmental issues.
This may be due to a lack of enough training and testing datasets to achieve
acceptable accuracy; In this work, ANN-based modelling was used to clarify
the relationships between the independent parameters (i.e. from DES outputs,
site conditions, and equipment characteristics) of the prototypes presented in
articles II-IV. This was done by searching for an optimal expression describing
the relationships between the independent variables that influence the
environmental impact of non- and off-road construction machinery in
earthmoving operations. The developed models are presented in articles II-IV.
Data from case studies A and B were then used to demonstrate the developed
models’ ability to predict environmental impacts in functional units (e.g. MJ or
kg per m3). These predictions can be used to estimate total environmental
impact based on tender quantities in the early planning phase of projects, and to
make choices about machinery allocations in cases where minimizing
environmental impact is a key objective.
A recent technical report written by the author of this thesis (Jassim, 2018)
discusses the development and implementation of the ANN-based model in
detail, providing a more detailed discussion of the history, development,
fundamental principles, mathematical formulations, classification and uses of
neural networks in different fields, along with an overview of the relevance of
the research to construction management. This is followed by a presentation of
an ANN model for predicting hourly air pollutant emissions due to excavator
operations, and a graphical user interface for the model.
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4 SUMMARY OF FINDINGS

This chapter summarizes the appended articles and their main findings. The
summary is followed by a brief description of the approaches used to validate
the findings.
4.1 Summary of article I
Title: A Practical Method for Assessing the Energy Consumption and CO2
Emissions of Mass Haulers.
Purpose: Paper I presents a practical model that is intended to be used during
the planning stage of construction projects. The model allows planners to
assess the energy use and CO2 emissions associated with construction transport
vehicles (i.e. trucks) used in earthmoving operations by using available design
data, bills of quantities, and selected machinery characteristics to support
construction planning.
Findings: The results demonstrate the potential to quantify trucks’ energy use
and emissions based on construction planning and simple data available in the
early stages of construction projects, and to support decision making regarding
alternative options for equipment selection and haulage routes. Mass haul
optimization was identified as the best option for planning haulage operations
that use mass haulers (i.e. trucks) to perform specific tasks. In general, the
optimal mass hauling route will be that with the shortest movements of mass
between two points (e.g. from cutting areas to filling or dumping areas).
However, this is only true if the hauling conditions are reasonably uniform
over the project site. If there is significantly non-uniformity hauling conditions
due to obstacles, barriers, and intersections, longer routes that avoid these
problematic locations may improve performance. For example, the case study
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revealed that the total energy use and emissions of hauler 773E were higher
than those for hauler 775G, even though this was not expected given the
difference in haulage capacities, horsepower, and hourly fuel consumption. The
study shows that cycle time has a significant effect on the total energy use and
emissions for a given hauler. This effect also have an impact on the hauling
fleet’s productivity. For example, hauler 773E productivity fell below that of
hauler 770G for haulage distances above 3 km. This suggests that obstacles on
the route selected for 773E affected its energy consumption and CO2
emissions. The results suggested that there is a maximum distance for hauling
materials of the selected hauling fleet for the planned earthmoving operations.
This distance can also be used to define the upper limit of an optimal zone
within the selected haulers can operate.
Overall, these results provide a clear view of mass haulage practices that can be
used when planning new projects. The knowledge presented in this article will
help planners and construction managers to assess the energy use and
emissions from haulers during project planning, and facilitate comparisons of
different possible equipment and route choices.
4.2 Summary of article II, III, and IV
Title II: Quantification of Energy Consumption and Carbon Dioxide
Emissions During Excavator Operations.
Title III: Assessing energy consumption and carbon dioxide emissions of offhighway trucks in earthwork operations: An artificial neural network model.
Title IV: Determining the Environmental Impact of Material Hauling with
Wheel Loaders During Earthmoving Operations.
Purpose: These three articles aim to explore the scope for predicting the
energy use and CO2 emissions from heavy construction vehicles used in
earthmoving operations (excavators, trucks and wheel loaders), especially in
the initial planning phase of infrastructure construction projects. Articles II, III,
and IV each present individual ANN-based models for predicting the energy
use and carbon emissions of specific earthmoving vehicle types (excavators,
trucks, and wheel loaders, respectively), see Figures 4.1-4.3. However, each of
the studies differ in some respects because of the different operational
characteristics, properties, and tasks of the machines to which they apply.
Archival earthmoving data and information such as BOQs with design details
and profiles were used in conjunction with equipment performance datasets
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derived from manufacturers’ handbooks to generate master plans for
earthmoving operations in two case studies by using mass haul optimization to
identify optimum hauling destinations. All stations, destinations, and
equipment types relevant to the case projects were included in these plans. In
addition, the haulage plans were extended by considering a range of different
site conditions and properties (e.g., materials densities and haul topographies)
to generate different earthmoving scenarios that reflect the diversity of real
world projects. Each of the generated earthmoving scenarios was simulated
using DES to identify the operational variables with the greatest effect on the
environmental impact of earthmoving operations. Variables considered
included the utilization rate, productivity rate, cost of earthmoving units,
duration of operations, and waiting time, and other operational factors. The
data for the scenarios were stored in a combined Excel sheet to facilitate use of
the chosen variables in the development of ANN-based models and sensitivity
analyses.
Findings: The three studies indicated that increasing the utilization rates of
earthmoving equipment used in different operations can significantly reduce
energy consumption and CO2 emissions per unit volume of material hauled
during machinery operations (assuming all other operational characteristics and
site conditions remain constant), improving the overall performance of the
work done.
x For excavators, the strongest beneficial effect on environmental impact is
achieved by reducing the cycle time, followed by decreasing the load factor
and increasing the bucket payload (provided that the payload does not
exceed the maximum design capacity and fill factor for the type of material
being hauled). The effects of engine horsepower, digging depth, and hauler
capacity are weak during normal earthmoving operations.
x For trucks, increasing the grade horsepower (i.e. the horsepower after
accounting for the surface grade, rolling resistance, material density, and
truck characteristics) and haul distances significantly increases the
environmental impact per unit volume of hauled material if all else remains
constant. However, this impact can be mitigated by reducing the loading
time within the hauling cycle.
x For wheel loaders, the engine load factor is the most significant determinant
of in determining energy consumption and CO2 emissions per unit volume
of material handled. The engine load factor depends mainly on the loose
density of the materials to be handled (which is typically high in
earthmoving operations, resulting in a strong impact). To a slightly lesser
extent, it is also dependent on the bucket payload, whose effect on the
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environmental impact is identical to that seen for excavators. Engine
horsepower, loading time and hauler capacity have comparatively little
influence during normal earthmoving operations.
x The ANN-based models accurately predicted the energy use and CO2
emissions of construction equipment in earthmoving operations: the
correlation between the input and output variables and the accuracy was
very high. Moreover, the models’ predictions agreed well with the data used
to train and test the black-box neural networks, and analyses based on the
minimum square error showed that the models successfully predicted
unseen outputs. Both of the developed ANN models can help decisionmakers select environmentally optimal equipment when planning
earthmoving operations.

Figure 4.1: Overview of the integrated DES and ANN-based model for
predicting energy use and CO2 emissions from excavators (Jassim
et al., 2018D).
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Figure 4.2: Overview of the proposed framework for generating earthmoving
databases supported by DES to develop ANN models (Jassim et al.,
2018E).
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4.3 Summary of article V
Title V: A model to reduce earthmoving impacts.
Purpose: Paper V had three purposes. The first was to present a
comprehensive planning model for reducing GHG emissions, costs, and work
duration in earthmoving projects by integrating earth mass allocation (EMA)
and earthmoving equipment allocation (EEA). Both methods encompasses
optimization of earthmoving mass flows and the allocation of earthmoving
equipment configurations to project locations based on a number of operational
parameters. The second purpose was to propose a strategy for selecting the best
EEA based on project’s performance and environmental impact of its various
earthmoving operations. The third purpose was to identify the critical
components of earthmoving operations based on their cost and emissionsweighted impacts relative to the total effect of the impacts.
Findings: The mitigation of earthmoving impacts is best achieved by
integrating the EMA and EEA methods during the planning phase. The method
developed to plan, analyse, and reduce the environmental impact of road
construction revealed that:
1) All three of the tested approaches reduced the overall project impacts for
most of the studied earthmoving stations;
2) The approach involving allocating earthmoving configurations based on
three total operational performance indicators (duration, costs, and
emissions) revealed that allocations based on weighted impacts and a utility
index perform better than those based on other aspects of earthmoving
operations or equipment selection;
3) The proposed model can support construction managers and contractors
make decisions about equipment allocation for earthmoving tasks or
projects in the short term, and about equipment acquisition in the long term;
4) Simple distance rule-based approaches for allocating earthmoving
equipment configurations can perform very well; and the simplicity of such
approaches may facilitate their practical adoption by construction managers
and contractors for decision-making support.
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4.4 Summary of article VI
Title VI: Predicting Energy Consumption and CO2 Emissions of Excavators in
Earthwork Operations: An Artificial Neural Network Model
Purpose: This paper had three objectives. First, to explore the scope for
performing time-based assessments during project planning to predict the
energy consumption and CO2 emissions of excavators based on engine
characteristics, utilization, types of earth with different characteristics and
digging depths. Second, to clarify the effects of different variables that can be
used in model development. Third, to identify a technique or algorithm that can
accurately describe the relationships between independent variables relevant to
earthmoving equipment and site conditions.
Findings: An ANN model was developed that can accurately predict the
hourly energy use and CO2 emissions of excavator operations according to the
operational characteristics of an earthwork site. The model has five input
parameters: digging depth, cycle time, bucket payload, engine horsepower, and
load factor. Time-based assessments such as those generated by this model are
important because they can help decision makers during project planning. It
was also shown that the environmental performance of earthmoving operations
is most sensitive to the equipment cycle time, followed by the engine load
factor. The results obtained demonstrate the ability of ANN-based models to
generate predictive expressions capable of accounting for complex
relationships between independent variables that cannot be modelled by more
traditional methods, as demonstrated by a comparison to models generated
using alternative methods such as multivariate linear regression.
4.5 Validation
In real life, construction processes, especially earthmoving operations, involve
activities and operations that are highly fragmented in time and space because
of the decentralized nature of the work. This would make it extremely difficult,
costly, and time-consuming to perform enough real-world experiments to
gather the data needed to create a comprehensive environmental impact model
that accounts for all the possible ways of performing earthmoving operations.
These difficulties are exacerbated by the need to study closely related cases in
order to gather real-world environmental data. Consequently, the results
presented here could not be validated by comparison to real-world energy and
emissions measurements. Alternative methods were therefore used to validate
the findings and research outputs.
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Validation of simulation-based research can be defined as the process of
determining whether a simulation model is a sufficiently convincing and
sensitive representation of the studied real world process or system (Sargent,
2008; Law, 2007). The method used in article I to address research question
one (by developing a method for assessing the energy use and emissions of
mass haulers to support environmental planning early in construction projects)
was validated in two ways. First, the earthmoving datasets used for mass
haulage optimization (MHO), which were drawn from bills of quantities, were
verified by rechecking the datasets in the Excel files used for data export to
MHO. The representational accuracy of these datasets was confirmed by
comparison to information on the quantity and locations of earthwork stations
in the corresponding road construction projects, and by changing the quantities
and locations of some earthwork stations in selected projects to assess the
sensitivity and accuracy of the MHO program used to implement the developed
model. The second validation step involved verifying the accuracy of the
construction machinery databases that were extracted from manufacturers’
handbooks and transferred into the MHO tool for use in environmental
assessment. Additionally, calculations were performed in MATLAB using
automatically extracted data (from the Excel files) on productivity, cycle times,
and hauling distances between loading and dumping sites obtained from the
DynaRoad software (Kenley et al., 2012).
Much of the work presented in this thesis involves the use of DES models to
represent earthmoving operations in construction projects. Three types of
validation are commonly performed for simulation models: conceptual,
computational, and operational validation (Montevechi et al., 2007).
Conceptual validation focuses on the translation of the real-world system,
process, or service into a conceptual model, and the subsequent translation of
the conceptual model into a computational model. Its objective is to minimize
error and facilitate the development of more useful models that can meet the
objectives for which they were created (Harrell et al., 2000). Conversely,
operational validation focuses on experiments conducted to characterize the
scenario being analysed. It can thus be understood as validation of the
computational model within the limits defined by the model’s purpose (Leal et
al., 2011).
Articles II, III, and IV focus on methods for predicting energy use and CO2
emissions in the planning phase to support environmental planning. In these
cases, validation was achieved by first demonstrating the efficiency of the
ANN and the chosen algorithms, particularly with respect to their ability to
clarify and model the relationships between independent parameters. To this
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end, their output was compared to that of models developed using alternative
methods such as multivariate linear regression (MLR). Article VI demonstrated
that the ANN-based model developed using the data on earthwork operations
from articles II-IV achieved a superior predictive accuracy to an MLR-based
alternative. This conclusion was supported by the MSE and R-squared values
for the two models. While the MLR model achieved an acceptable R-squared
value (0.8647), it is a linear model that cannot reliably describe the complex
relationships between independent parameters. In contrast, ANN models
developed using the same input-output datasets achieved very good MSE
values (0.00000851 and 0.00000895; see Figure 4.4 a & c), demonstrating the
ability of artificial neural networks to accurately account for the influence of
multiple independent parameters in construction processes in order to forecast
outcomes such as environmental impacts early in the planning phase.
The efficiency of the ANN-based predictive models was confirmed by
considering their mean square error (MSE) values based on their training
performance together with the correlation coefficient (R) (see Figure 4.4 a-d).
This is a standard way of assessing the performance of neural networks
(Šibalija and Majstorović, 2016). The MSE is the average of the squares of the
errors (i.e. the differences between the original and predicted values). The MSE
always takes a positive non-zero value (a value of zero would correspond to a
case in which the model perfectly reproduces the original values, which never
happens in practice). R is also used when evaluating ANN models (Hegazy et
al., 1994) to characterize the agreement between the model’s predictions and
the true output values (Beale et al., 2010; Šibalija and Majstorović, 2016). It
takes values between 0 and 1, with higher values corresponding to stronger
correlations. When evaluating ANN-based models, R-values above 0.9 are
considered to indicate an acceptably strong relationship between the network’s
output and the corresponding real value (Šibalija and Majstorović, 2016). The
values of the MSE and R are computed using equations 1 and 2, respectively.
(1)

Here, the MSE is the ANN model’s mean square error, N is the number of
paired actual and predicted values being compared, yai is the ith actual data
value, and ypi is the ith predicted value.
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(2)

Here, R is the correlation coefficient, which measures the strength and
direction of the relationship between variables; it is sometimes referred to as
the product moment correlation coefficient. n is the number of paired actual
and predicted values being compared, while ya and yp are individual actual and
predicted values.
When evaluated against the training datasets, the developed ANN models had
very low MSE values (0.00000881, 0.000018, and 0.0000099) and high
correlation coefficients (0.99951, 0.99906, and 0.99779), indicating high
predictive performance.
Article V presents a method for optimizing earthmoving performance in the
planning stage of road infrastructure projects by applying MHO, DES, and
MHD to prospective equipment configurations. Procedures for validating
MHO and DES models are discussed at the beginning of this section. The
proposed MHD approach for optimizing equipment configuration allocations
was validated by performing calculations in Excel and adapting manually
extracted data on material quantities and transportation distances between
various on- and off-site hauling locations in a road construction project. These
data were obtained from the MHO and DES software suites (DynaRoad and
Ezstrobe, respectively) used in the analysis. The study also use indicators such
as the utility index and utilization rate (which were used in the preceding
studies to select equipment configurations for earthmoving operations) to
determine whether the performance of the equipment configurations predicted
by the new approach was consistent with the values of these indicators. This
comparison confirmed the validity of the proposed approach and the developed
model.
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Figure 4.4 a: Best training performance with MSE = 0.00000851 of energy
model.

Figure 4.4 b: Fitting for training data with R = 0.99972 of energy model.
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Figure 4.4 c: Best training performance with MSE = 0.00000895 of
emission model.

Figure 4.4 d:Fitting for training data with R =0.9997 of emission model.
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5 RESULTS AND DISCUSSION

This chapter discusses the findings in relation to the research questions and
existing gaps in the literature.
The purpose of this work was to develop assessment methods and tools that
could support planners to reduce the energy use and carbon emissions from
earthmoving operations. Five assessment models were developed for use in the
planning of earthmoving operations in construction projects. Each model
characterize the most important variables that influences energy use and carbon
emissions. The knowledge gained provide straightforward ways of assessing
and reducing the environmental impact of earthmoving operations while also
optimizing their performance with respect to traditional objectives (i.e. cost and
duration). The ability to improve environmental performance while also
reducing (or at least not increasing) costs and project duration will provide
tools for stakeholders to address the environmental issues arising from their
operations. The models developed meet two requirements:
x The need to assess impacts in functional units based on project-specific
factors including the equipment’s operational characteristics and on-site
project conditions rather than industry- or project-average values. Most
previously developed environmental impact assessment tools rely heavily
on industry average data, limiting their use in project planning (Passer et al.,
2015; Reap et al., 2008; Thiede et al., 2013).
x The need to offer tools that can be used both in pre-construction planning
and during ongoing earthmoving operations in the construction phase of a
construction project, particularly when it is necessary to establish an
environmental plan during the planning of the construction phase or to
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obtain a preliminary estimate of the impact of selected construction
equipment (Hampton, 2005).
Before discussing the main findings in relation to the research questions, it is
important to discuss the framework used to generate the synthetic datasets from
earthmoving operations based on the two cases master project plans. The
synthetic datasets played central roles in the development of the ANN models
and in answering the research questions. The combination of DES and ANNs
offers a powerful way of accessing otherwise unavailable project data and
identifying relationships between independent variables that can reflect job site
conditions in construction projects. Importantly, the synthetic fuel consumption
data agreed well with reference data from the manufacturers' handbooks, and
the synthetic load factors were consistent with previously reported emissions
measurements. The data generation framework can thus help compensate for a
lack of relevant empirical data on construction operations, and it can also
provide reference data for controlling, benchmarking, and monitoring these
operations in real-world projects. Consequently, the tools and methods
presented here can improve the assessment of energy use and emissions in
construction projects by accounting for project-specific variations.
Additionally, assessment based on functional units makes it possible to
standardize earthmoving outcomes and could potentially justify the declaration
of EPDs for those outcomes, which would help bodies like the STA develop
future energy and emissions reduction plans.
The following subsections discuss the research findings in relation to the
research questions specified in the preceding chapters.
5.1 Results and discussion related to research question I
RQ 1: How can planners and construction managers of earthmoving projects
estimate the energy use and carbon emissions of earthmoving machines per
functional unit of material handled?
The first research question was addressed in articles I, II, III, and IV.
The main knowledge gap in this field relates to the fact that the environmental
impact of construction processes is unknown during the project planning phase
due to a lack of detailed information on the applied construction processes
(Häkkinen and Belloni, 2011). Furthermore, most existing methods for
estimating energy use and CO2 emissions are time-consuming to use and
require large amounts of input data such as productivity rates (Hajji and Lewis,
2013a; Trani et al., 2016), engine speeds, and other engine operating
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characteristics (Heidari and Marr, 2015). Four assessment models were
developed to predict the energy use and carbon emissions of equipment used in
earthmoving operations. These models provide stakeholders with tools to
assess and mitigate these impacts during the planning stage and equipment
selection process early in the planning phase, which have great potentials to
reduce the environmental impact of infrastructure projects (Ahn et al., 2010;
Akadiri et al., 2012; Bragança et al., 2014; Zhang et al., 2014).
The first part of the answer is provided in article I, which presents model for
prediction of energy consumption, CO2 emissions, and truck productivity as
functions of the hauling distance for individual trucks and entire hauling fleets.
This model’s inputs are based on information from a detailed haulage plan
(developed) together with data on equipment characteristics and job-site
conditions. The haulage plan are normally developed using MHO planning
software such as DynaRoad using information included in tender documents
for earthmoving operations, such as BOQs associated with mass haul
operations on-site and off-site (e.g. operations at the main line and at borrow
pits and disposal areas).
BOQs are thus useful data sources that are available in the early planning phase
and can support environmental impact assessments in construction projects
(Miliutenko, 2016). They can therefore help overcome the lack of detailed
information on earthmoving processes in the planning phase, and can thus
facilitate early assessment and decision making relating to fleet configurations
and haulage routes. Article I also presents a case study (case A) that
demonstrates the new model’s applicability in a real-world project.
Since article I only covers material hauling, articles II, III, and IV therefore
extend the approach for assessing the energy use and CO2 emissions of three
machine types commonly used in earthmoving operations: excavators, trucks,
and wheel loaders. All three models use input data that is readily available
during the planning phase of construction projects and assess energy use and
CO2 emissions per unit volume of material handled.
These models were developed by using DES in conjunction with MHO in order
to generate large datasets that were used to train and test the artificial neural
networks. Two case studies were conducted to test the process of generating
basic master plans for earthmoving operations while accounting for various
conditions related to material hauling in real-world projects. The new approach
was also extended by applying it to data on earthwork projects with varied
characteristics and by developed models for different construction vehicle
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types spanning a wide range of operational characteristics. Three computer
programs were used to develop the final models: DynaRoad for mass haul
optimization, the DES software package Ezstrobe to simulate earthmoving
operations, and artificial neural networks implemented using MATLAB to
model the relationships between independent variables relating to earthmoving
operations. In addition, the Excel work environment was used to store and
analyze the gathered data, and to transfer data between the different tools used
in the proposed framework.
Various distribution functions were tested in the DES simulation for different
earthmoving operations and scenarios. However, the choice of distribution had
only marginal effects on the mean results, especially when the maximum and
minimum cycle times were set at levels corresponding to a near-optimal range
for the equipment being simulated given the operational characteristics of the
other equipment in the system. This is consistent with previous reports stating
that the choice of distribution function had only minor effects on mean values
from simulations (Fente et al., 2000). Uniform probability distribution
functions were used for most of the simulated elements (for example, the times
in the analysis database) that were fairly uniform but non-symmetrically
distributed (Jassim at el., 2018C). For example, a uniform velocity distribution
was used for all trucks in the earthmoving simulations (Pradhananga and
Teizer, 2015). A similar approach has been used in many studies on
earthmoving operations and haulage activities such as truck loading, traveling,
or dumping (Martinez, 2001; Martinez, 2009a; Martinez, 2009b; Martínez,
1998).
The final answer to research question I that emerged from articles II, III, and
IV took the form of three ANN models implemented in MATLAB for
assessing energy use and CO2 emissions per unit volume of materials handled.
The following input parameters were used as the independent variables of the
three ANN models:
x the utilization rate, digging depth, cycle time, bucket payload, engine
horsepower, load factor and truck capacity. The dependent variables (i.e.,
outputs) for this model were the amount of energy used and the emissions
(CO2) per cubic meter (BCM) due to excavator operations.
x the utilization rate, hauling distance, loading time, swelling factor, truck
capacity and grade horsepower. The dependent variables (i.e., outputs) for
this model were the amount of energy used and the emissions (CO2) per
cubic meter (LCM) due to truck operations associated with specific haulage
distances.
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x the utilization rate, loading time, bucket payload, engine horsepower, load
factor, and truck capacity. The dependent variables (i.e., outputs) for this
model were the amount of energy used and the emissions (CO2) per cubic
meter (LCM) due to wheel loader operations.
The proportion of the available data used to train the ANNs was 80% for the
excavator and truck models, and 89% for the wheel loader model. The
remainder of the available data (i.e. that not used for training) was used to test
the ANN models and validate their outputs. The mean squared error values for
the neural network models showed that their outputs agreed well with the
corresponding targets, indicating that all three models achieved high predictive
accuracy. Additionally, all three models had R values of ≈ 0.99 for both the
training and testing datasets. As such, the ANN models was able to predict the
energy use and CO2 emissions of earthmoving equipment and machines in
functional units. Moreover, the response functions of the ANNs can be
expressed as a series of equations that practitioners can use without the need of
complex software.
The evaluated models in the thesis are all based on synthetic datasets from
simulation and manufacturers operational handbooks. However, the framework
presented in article II, III, and IV can be used to evaluate new ANN models
based on real data from monitoring of mass haul operations using PEMS and
positioning systems.
5.2 Results and discussion related to research question II
RQ 2: Which factors relating to earthworks operations have the greatest
impact on energy use and carbon emissions?
The second research question was answered in articles II, III and IV by
characterizing each input variable’s influence on the output of the three ANN
models. The partitioning weights method, (Goh, 1995), was used to determine
the relative importance of each input variable (see Figure 5.1) and their effects
on energy use and CO2 emissions per functional unit volume for each
individual item of equipment included in the analysis. These variables are
discussed briefly below, with particular emphasis on the most important ones.
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Figure 5.1: Relative importance of input variables to the target outputs for all
ANN models.
x The effect of the engine load factor on energy use and carbon emissions
The engine load factor is strongly affected by the usage pattern of the vehicle’s
engine. Two algorithms were used to estimate the engine load factor, as
described in articles VI and IV. The first algorithm is based on bank densities
and was used to model excavator operations; the second is based on loose
densities and was applied to wheel-loader operations. Both algorithms rely on
inventory information for three types of earth (decomposed rock-packed earth,
sand/gravel and hard clay). This approach is also used in the Caterpillar
handbook (Cat. 42, 2012), and is described in more detail elsewhere (Gottfried,
2013; Scesi and Papini, 2006). The effect of the load factor on energy
consumption and emissions was strongest for wheel loaders, followed by
excavators, and accounts for a significant proportion of the observed variation
in per unit impact.
The load factors of different equipment models were positively related to the
energy use and emissions per unit volume of materials hauled. The impact of
equipment with large engines increased more rapidly than that of equipment
with smaller engine sizes at a given load factor. This finding reflects the need
to carefully consider the specifications and information provided in equipment
manufacturers’ handbooks when selecting equipment for specific tasks.
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In this work, the load factors for truck operations were analyzed in terms of the
grade horsepower, which was considered to better reflect the total resistance
(i.e., grade and rolling resistance) of haulage routes compared to the
traditionally designed engine horsepower. The load factors also take into
account the vehicles’ average speed, and the loose densities of the hauled
materials, all of which influence the energy use and carbon emissions per unit
volume of truck operations. This approach is consistent with EPA’s targets for
emissions modeling (Ahn and Lee, 2012; Matthew Barth, 2017). The energy
use and CO2 emissions of trucks increase with the grade horsepower. Planners
can use this finding to select optimal procedures for hauling between two
points that minimize the grade horsepower, for example by choosing relatively
flat routes with low rolling resistance for hauling between on- and off-site
areas. This in turn will minimize the energy use and carbon emissions of trucks
used in the project.
Increasing engine horsepower (size) was also found to be positively related to
energy use and CO2 emissions for excavators and wheel loaders. Consequently,
machines with smaller engines have greater impacts than those with larger
engines when used in earthmoving operations with high load factors.
x The effect of the hauling distance on energy use and carbon emissions
Increasing the hauling distance will always increase energy use and carbon
emissions per unit of material hauled. The hauling distance was found to be the
second most influential of the input variables in terms of its effect on the
energy use and CO2 emissions of truck, which confirms results of earlier
studies (Turkensteen, 2016).
Because the hauling distance strongly affects the energy use and CO2
emissions of trucks, optimal earthmoving planning generally involves
minimizing the distances over which materials are hauled. This is true for all
earthmoving operations provided that other variables such as the truck
capacity, design horsepower (engine size), grade horsepower (load factor), and
the topography of the hauling routes all remain constant (or are only slightly
varied).
The effect of the hauling distance is also discussed in article I, which
demonstrated the influence of other variables such as barriers, obstacles, and
topography on earthmoving operations and truck performance when the
hauling distance was held constant. These results show that the cycle time
strongly affects the overall impact of trucks operating under different job
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conditions. Therefore, the results from the case study suggest that it is best to
identify an optimal point that can be treated as a maximum distance for
material hauling using the fleet setup chosen for each earthmoving operation.
This optimal point corresponds to the intersection of the curves obtained by
plotting the energy consumption and productivity against the hauling distance;
all distances below this maximum lie within the optimal zone for fleet
operations. This approach is particularly useful for balancing operational
performance and environmental impacts by comparing alternative options to a
baseline scenario.
x The effects of cycle and loading times on energy use and carbon emissions
Excavator cycle times were found to strongly affect energy consumption and
CO2 emissions per unit of materials handled. Higher cycle times were
associated with greater environmental impacts for all excavator models,
irrespective of size and digging depth. Additionally, the adverse environmental
impacts of smaller excavators (per unit mass hauled) greatly exceeded those for
larger ones when the digging depth at a given cycle time exceeded the
manufacturer-specified limit for the smaller machine. This shows that the
operational characteristics of the chosen equipment must be considered when
seeking to mitigate the environmental impact. The ANN models developed in
this work can be used to quickly identify unfavorable equipment selections for
specific earthmoving operations based on the pronounced negative effects of
certain equipment types under given job-site conditions.
There was a clear relationship between loading time and environmental impact
per unit volume of materials handled. The impact of this variable on per-unit
and overall environmental performance is thus minimized by minimizing the
cycle times of the wheel loaders, which will also improve their operational
efficiency. To ensure that all items of equipment maintain normal/optimal
cycle times, it is important to choose wheel loaders whose maximum loading
will not be exceeded the planned operations and that are suitable for use with
the materials to be hauled and the trucks that are to be used.
x The effects of the utilization rate on energy use and carbon emissions
Equipment utilization rates are main indicators of the operational efficiency of
a given equipment configuration. Practitioners can estimate a machine’s
utilization rate as the ratio of its waiting time to its total time in use, or as the
ratio of the estimated productivity to its theoretical maximum productivity. The
latter quantity corresponds to the work efficiency. Equipment utilization rates
vary between ~40% to ~70% of the maximum utilization capacity, which
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corresponds to a reduction of the environmental impacts per functional unit of
material handled of ~28% to ~40% respectively. Utilization rates (and thus
environmental performance per functional unit) can be improved by:
1) Reducing truck waiting times at loading or dumping areas,
2) Considering operational characteristics when selecting equipment (e.g.
digging depth, maximum rise, site conditions, etc.),
3) Operating selected equipment within their limits for maximum capacities,
and
4) Selecting suitable equipment combinations (trucks, wheel loaders, and
excavators) with capacities for the earthmoving operations.
By addressing each of these issues, planners can reduce energy use and CO2
emissions per unit volume during earthmoving operations, and at the same time
improve equipment productivity and thus reduce costs.
In short, this research shows that increasing equipment utilization rates is an
efficient way of reducing energy use and CO2 emissions due to earthmoving
operations, and that it can also reduce project costs by reducing fuel
consumption. This finding is consistent with those of previous studies, which
identified operational efficiency as one of the most important variables for
comparing construction equipment options (Jasch, 2000) and highlighted the
need for greater efforts to reduce the environmental impact of earthmoving
operations (Matar et al., 2008).
x The effects of payload and digging depth on energy use and carbon
emissions
The machinery/equipment payload also affects energy use and emissions.
Differences in payload capacity between machines are generally related to
differences in the engine horsepower. However, for a given equipment model,
increasing the load efficiency (e.g. during digging, loading, and hauling)
ensuring that the hauled payload does not exceed the design capacity, can
reduce environmental impact per unit volume of hauled material. This
conclusion was based on comparisons of the bucket capacities and performance
of different equipment models during earthmoving operations conducted under
otherwise identical conditions. This finding is consistent with previous findings
(Nylund and Erkkilä, 2005; Soofastaei et al., 2016).
The energy use and CO2 emissions due to excavator operations can be reduced
by considering the type of earth to be moved during the project, and selecting
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machines whose maximum recommended digging depth for those earth types
will not be exceeded.
During normal mass haulage operations, balancing different fleet equipment
performance indicators (e.g. productivity rates) is an important way of
minimizing energy use and CO2 emissions as well as costs and durations of the
whole fleet. In other words, increasing equipment and fleet productivity should
reduce fuel consumption (and thus project costs) if other factors such as
hauling distances remain unchanged. Efforts to identify variables that strongly
affect energy use and carbon emissions can thus have positive economic and
environmental impacts.
5.3 Results and discussion related to research question III
RQ 3: How can stakeholders optimize equipment configurations with respect to
the trade-off between carbon emissions, time and cost of earthwork
operations?
The third research question is answered in article V, which presents a model
(i.e. PSED) that can be used during project planning to estimate the potential
for reducing the total environmental impact of earthmoving operations in the
construction phase. This is primarily achieved by selecting optimal
configurations of construction equipment. The PSED model, which focuses on
reduction of energy use, carbon emissions, time and cost, is intended for use
both in the pre-construction phase and during earthmoving operations. In other
words, the PSED model integrates the EMA and EEA methods into a
comprehensive framework with adaptable procedures for comparing different
possible allocations of earthmoving equipment, and can be seen as step towards
the development of equipment acquisition strategy for construction projects.
The ability to rigorously compare equipment configurations and identify
options with superior performance in terms of energy use, CO2 emissions,
costs, and project duration should incentivize construction managers and
contractors to incorporate environmental mitigation procedures into their work.
Allocations of equipment configurations for earthmoving operations could also
include guidelines for specific hauling distance to support project stakeholders
of earthmoving processes. Operational guidelines relating to hauling distances
and turnoff points, which are also discussed in the section of this chapter
addressing research question II, can also be used to evaluate the performance
and impact of machines and configurations at the strategic level. Allocating
equipment configurations using the PSED model can also provide new
opportunities to identify project specific recommendations. Hence, the PSED
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model can be used to evaluate the feasibility of strategies for reducing the total
impact or energy use and emissions of earthmoving processes. This possibility
was verified by considering several indicators that sometimes exhibit complex
interdependencies and necessitate tradeoffs that can be difficult to analyze
using a single planning tool or technique. The case studies showed that the
methods developed in this work can be used in conjunction with established
tools that are already widely adopted in the construction industry to plan and
execute earthmoving operations.
Overall, the findings relating to the research questions suggest that the key to
facilitate the assessment and mitigation of energy use and carbon emissions
when planning earthmoving operations for construction projects is to bridge the
gap between what is known about a project and the need to determine the
environmental impacts of earthmoving processes early in the planning process.
Also, the ability to mitigate impacts by determining the influence of different
earthmoving variables (and thereby expanding the information available in
different stages of a project’s earthmoving operations), gives planners,
construction managers, and contractors a better support for making informed
decisions on energy use and carbon mitigation measures within projects.
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6 CONCLUSIONS

This chapter presents conclusions based on the findings and summarizes the
theoretical and practical contributions made in this thesis. Finally, some
limitations of the work are discussed and used to identify topics warranting
further study.
Concluding remarks:
x Previous studies on planning earthmoving operations mainly focuses on
traditional targets (i.e. cost- and time-related objectives) which may forgo
the opportunity to minimize environmental impacts,
x The proposed ANN method based on data sets from simulation-based mass
haul optimization is an effective way to assess the energy use and carbon
emissions in functional units used in the planning of earthmoving
operations.
x It enables planners and construction managers to assess the environmental
impact early in the planning stage considering both the energy use, GHG
emission and cost simultaneously in the selection of construction
equipment.
x The most important variables in haulage operations are productivity,
distance, speed, capacity, obstacles and barriers, and intersections along
haulage routes.
x Here, DES based on MHO plans can identify optimal earthmoving
equipment combinations that can support the project targets.
x Sensitivity analyses based on the variables using in the assessment tools can
improve stakeholders' understanding of the effects of individual parameters
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on overall environmental performance.
x Haulage distance is one of the most important variables affecting energy use
and carbon emissions per unit volume of hauled materials if all other
conditions are held constant. Therefore, planning should be focused on
searching for shorter routes with shallow gradients and low rolling
resistance, especially for haulage operations relating to borrow or disposal
materials from off-site construction.
x Cycle time is an important parameter, which affect the total impact of
excavator operations per unit volume handled.
x Improving the load efficiency of excavating and loading equipment can
reduce the environmental impact per unit volume of hauled material if the
equipments’ design capacity is not exceeded.
x Equipment utilization rates, as expected, profoundly influence the
environmental impact of earthmoving processes and are a key operational
efficiency factor for construction equipment. Consequently, improving the
operational efficiency of each resource used in construction projects will
strongly reduce the overall environmental impact as well as costs.
x Construction managers and contractors who seek to reduce the total impacts
(energy use and carbon emissions, costs, and durations) of their
earthmoving operations are advised to allocate equipment configurations
with high synchronous utilization rates for each item of equipment based on
their weighted impacts.
x The integration of different planning methods with the allocation of
earthmoving configurations based on mass haul distances is an efficient way
to reduce the total environmental impacts of earthmoving operations.
Theoretical and practical contributions
The theoretical contribution of this thesis can be summarized as:
x The developed framework can be used to create assessment models to
estimate the energy use and carbon emissions of earthmoving operations.
These estimates can be used to develop better environmental-friendly
construction plans.
x Important operational factors and site conditions with significant effect on
earthmoving operations were identified in the case studies.
x The combination of environmental assessments with traditional project
metrics provides possibilities to optimize the allocation of equipment in
earthmoving operations based on time, cost and environmental performance.
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The practical contribution of this thesis is that the developed models can be
used in project planning of earthmoving operations to assess energy use and
CO2 emissions. Performing such assessments will allow planners and
construction managers to select practical equipment/configurations that will
improve the environmental impacts of their operations. This thesis also has
some implications for the STA’s goal of reducing emissions from construction
operations because it shows that accounting for activity-specific information in
the planning stage can strongly affect emissions during the construction stage.
This demonstrates the necessity of considering different parameters relating to
construction operations.
Limitations and further research
The exploratory research presented in this thesis has some limitations and will
require further development to be used effectively in real construction projects.
These limitations, which also reveal opportunities for future work, include:
x As mentioned in section 4.5, most of the new methods and models presented
here were developed using manufacturer-supplied performance data and
synthetic datasets because of the difficulty of gathering real-world
measurements. Therefore efforts need to be directed towards gathering large
sets of real-world data (such as PEMS measurements) that can be compared
to the datasets and models presented here, and which could support the
development of more accurate assessment methods.
x Dynamic changes in energy use and emissions due to variation in vehicle
speed while hauling cannot be assessed using the methods presented here.
x Operators’ driving modes should be assessed while benchmarking and
monitoring emissions during execution stages because of their potential to
affect emissions per functional unit of material hauled.
x Levels of equipment maintenance by companies or contractors can also
affect total impacts, especially in countries that lack comprehensive
regulations and systematic enforcement. This requires further investigation.
x The impact of equipment operators’ experience on bucket payloads in
individual hauling cycles should be investigated.
x The effects of the weather and seasonal climate change on duty-work (e.g.
the effects of working in very cold or very hot climates) on the
environmental impact of equipment should be investigated.
x The models and assessment methods presented here should eventually be
extended to describe the effects of specialized machinery used in certain
projects
(e.g.,
crushing
plants,
hammers,
and
scrapers).
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