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ABSTRACT

A Process-Based Approach for Integrating the Last Planner System in 4D Modelling for

Equipment Workspace Planning in Elevated Urban Highway Projects

Charles Igwe. Ph.D.

Concordia University, 2021

Transportation developments are shifting from the construction of new highways to the
reconstruction of existing ones, especially in urban areas. The reconstruction of elevated urban
highways typically requires substantial capital investments and long durations. The prevalence of
non-value adding activities otherwise referred to as non-physical wastes according to the Lean
Construction (LC) paradigm is one attributable reason for this. Another feature of urban highway
projects is the use of heavy construction equipment. Planning the equipment workspace
becomes very important to facilitate the reduction/elimination of non-physical wastes and ensure
no delays to the project completion arising from spatio-temporal conflicts. Four-dimensional (4D)
modelling techniques have proven benefits to effective construction planning. Still, some
limitations exist in the lack of a practical approach to support construction planning and
incorporate workspace modelling in the 4D model development process. Several studies with
different perspectives have been carried out to describe the gains of using 4D models in
workspace management. However, none of them considered the effects of the limited usable
space in the reconstruction of elevated urban highways. Moreover, the requirements for multiple
levels of detail (LOD) in scheduling large and complex projects present a new challenge. To
counter these challenges, a considerable amount of time is required to ensure that the LOD of

the 4D model is sufficient to account for the following: (1) micro-scheduling of heavy equipment
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typically used in these types of operations, and (2) producing a 4D model with a sufficient LOD to
accommodate daily work plans.

The purpose of this study is to categorize and prioritize factors contributing to non-physical wastes
using empirical data obtained from a questionnaire survey. The survey results identified
"planning" as an important factor in promoting non-physical wastes in elevated urban highway
projects. A hybrid Multi-Criteria Decision Making (MCDM) approach was proposed to formalize
selecting project planning/scheduling methods applicable to elevated urban highway projects
where micro-scheduling short duration activities involving heavy construction equipment is critical
to project success. Equipment workspace planning was considered a vital aspect in the planning
process as conventional planning methods fail to consider spatial planning for short duration
activities, especially in highway projects. To facilitate the equipment workspace planning, a
research initiative that involved developing a detailed 4D model by integrating the Last Planner
System (LPS), a LC planning and scheduling technique in a 4D model with multiple LOD's was
proposed. The development of this 4D model can help facilitate the reduction of non-physical
wastes during the construction phase of elevated urban highways, improve the reliability of the
planning process, and reduce the time waste associated with planning and scheduling urban
highway projects subject to space constraints. The research method is described, and a case

study is developed to demonstrate the proposed method's feasibility.
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Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

The duration of construction projects is becoming an increasing source of worry and concern to
all key players in the construction industry. For quite some time now, there has been an ever-
increasing desire to ensure that construction projects are delivered on time and on a budget to
ensure value delivery to stakeholders. The construction industry worldwide is a contributor to the
Gross Domestic Product (GDP) of nations and a significant employment source due to its labour
intensiveness. Statistics Canada (2016) reveals that the construction sector contributed about
6.0% to Canada's gross domestic product and served as the 5" largest employer by industry,
accounting for approximately 7.3% of jobs among all industries. Canadian Business Journal
(2013) also asserts that over the last decade, 6500 projects were supported through infrastructure
Canada to build and repair thousands of kilometres of expressways and highways across the
country. This investment in construction is essential as the number, type and distribution of the
physical structures in a country provide the first indication of development. Considering the
importance of the construction sector plays in the social-economic development of a nation, it
becomes imperative to seek better ways to optimize her performance to meet the Key
Performance Indicators (KPI) of various stakeholders.

Historically, the construction industry's productivity falls short compared to other sectors,
such as manufacturing (Figure 1.1). The manufacturing industry has recorded a better
performance in productivity, flow and waste minimization by adopting a new production
philosophy called “Lean manufacturing” adapted from the Toyota Production System (TPS). The
construction industry has, however, failed to match the productivity of its manufacturing
counterpart due, among other factors to the prevalence of non-value adding activities (non-
physical wastes), prompting a paradigm shift to (i) increase productivity, efficiency, infrastructure
value; quality and sustainability (ii) reduce lifecycle costs, lead times and duplications via effective

collaboration and communication with stakeholders, by adopting and transferring some lean
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Chapter 1: Introduction

manufacturing principles, tools and techniques to construction. Hence, the construction industry
is adopting a wide range of techniques (e.g. Accelerated Bridge Construction, Virtual Design and
Construction) and tools (e.g. computer simulation, Building Information Modelling) to improve its
understanding and control of construction processes to improve productivity and reduce
fragmentation. Different construction projects (e.g. residential, industrial, highway) require slightly

different approaches to ensure their success.

PRODUCTIVITY
IN CONSTRUCTION

Global productivity 200
150

Manufacturing

Real gross value added,
1995=100 per hour worked 100

Construction

1985 2000 2005 2010 2014

Figure 1.1: Global productivity growth Source: Economist 2017)

Highway infrastructures are critical for any nation's socio-economic development and
growth as they provide access to employment, social, health, and educational services.
Therefore, the need for new and reconstructed highways is important considerations for many
nations of the world. Transportation developments are shifting from the construction of new
highways to the deconstruction and reconstruction of existing facilities. Large numbers of
reconstruction and rehabilitation works are expected on existing highways either due to existing
highway infrastructure nearing or already surpassed their service life or due to the effects of
urbanization placing additional demands on existing highways. In some circumstances, road
infrastructure investments appear to be the catalyst for economic growth, while in others,
economic growth puts pressure on existing transport infrastructures. Current practice in the
construction industry suggests that there is typically budget overrun and schedule slippage in
highway projects (Dawood and Shah 2007; Hannon 2007). Developing a feasible construction

plan is a critical task in managing construction projects as the planning process is the bridge that
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Chapter 1: Introduction

links design and construction. Effective planning, which considers the spatial requirements of
activities, is recognized as an important factor in a project's success. Su (2013) contended that
without a comprehensive and effective plan which considers spatial-temporal relationships
between site objects, workspace conflict might frequently occur. Space planning is a distinct area
in the construction planning process that is highly problematic due to its dynamic nature. The
workspace is an important resource that should be planned and managed effectively to manage
the project duration alongside cost, time, labour, equipment and material (Akinci et al. 2002c; a;
b; Chavada et al. 2012b; a; Dawood and Mallasi 2006). However, during the planning and
scheduling of construction activities, construction space planning is usually not given the same
importance as other KPI's. Workspace planning is typically carried out intuitively based on the
experience of the planner and the project manager (Akinci et al. 2002a; Heesom and Mahdjoubi
2004; Sadeghpour et al. 2006) but this is not enough to account for the dynamic nature of
construction sites. Chau et al. (2004) contended that in practice, the initial site layout drawings
are not updated as construction progresses and this lack of a formal representation of the dynamic
nature of the workspace is not a true reflection of the relationship between the construction
schedule and the workspace, and this typically leads to delays. One of the significant issues in
traditional project management tools is that they do not convey workspace occupied as the project
progresses and space availability and needs (Mallasi 2009).

Horizontal construction presents some unique challenges not encountered in vertical
construction. Typical among them are (1) the consideration for ground topography and existing
infrastructure, (2) disruption of human and vehicle movement and the associated user costs, (3)
noise and dust pollution, which provides a bigger challenge than experienced in vertical
construction, (4) spatio-temporal constraints. These unique challenges place more demand on
construction practitioners in ensuring that clients get value for their money, especially in urban
highway projects where complex highway interchanges, constantly changing traffic patterns, and
workspace constraints place additional challenges on planning and coordinating construction
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activities. In response to these demands, research on the use of Information and Communications
Technology (ICT) tools in construction has gained ground in recent years, although mainly
focused on the horizontal construction domain. The use of tools such as Building Information
Modelling (BIM) to improve constructability has expanded to include 4D modelling (Hijazi et al.
2009; Zhang et al. 2016) 5D (4D model linked with cost estimating) (Metkari and Attar 2013;
Stewart 2017), 6D (5D model linked with sustainable development). Techniques such as the last
planner system (LPS) have been widely and successfully applied in vertical construction but there

is a dearth of research regarding its application to horizontal construction.

1.1. Problem Statement

Addressing the challenge of ageing highways can be a difficult and sometimes contentious issue
as there are many options and impacts to consider. Some of the major challenges include
developing a suitable traffic management plan to reduce the effect of the reconstruction work on
motorists, selecting an appropriate construction management approach to facilitate construction
flow, reducing work variability, managing spatio-temporal conflicts and understanding the
workspace requirements for each activity. The reconstruction of urban highways requires heavy
construction equipment and planning the equipment workspace becomes important to reduce or
eliminate delays arising from spatio-temporal conflicts. Conventional planning methods (network
diagram, critical path method) do not consider space constraints in the planning process and
typically focus just on the time and cost aspect (Chau et al. 2004; Dawood and Mallasi 2006;
Mallasi 2006; Wang et al. 2004), and therefore do not effectively represent and communicate the
workspace interference between construction activities. Technologies such as 4D BIM have been
used to improve workspace planning, and the application of 4D BIM in vertical construction is on
the rise, but its application in horizontal projects have been limited (Fanning et al. 2014; Shah et
al. 2009; Yabuki 2010), and this is partly due to the differences inherent between vertical and

horizontal construction. Several studies having different perspectives have been carried out to
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describe the different gains of using the 4D BIM in workspace management. However, they have
been restricted to certain types of workspaces (material storage areas, path space) but did not
consider equipment workspace management. Moon et al. (2014a) also claimed that existing
research considered a workspace a physical execution area of a single element rather than an
operational task level. Furthermore, none of the previous studies on equipment workspace
management considered the effects of a “shared” workspace in the reconstruction of elevated
urban highways where the old and new highway structures will share the same workspace.
Regardless of the proven gains and potential of 4D BIM, there are still some limitations in current
4D technologies, and one important limitation is the lack of dynamic representation of activity
workspace, which crucially includes equipment workspace. Therefore, it becomes important to
seek an integrated approach to account for the dynamic and complex features of an activity
workspace in 4D simulation to allow for a more comprehensive analysis based on reliability
scheduling. Moreover, the requirements for short-duration schedules in large and complex
projects in urban areas present a whole new challenge in designing the workspace (Hammad et
al. 2007; Said and EI-Rayes 2013; Wang et al. 2004). To counter these challenges, a considerable
amount of time is required to ensure that the level of detail of the plan is sufficient to account for
the following: (1) micro-scheduling of the heavy equipment typically used in these types of
operations, (2) phasing of the demolition and reconstruction activities, (3) designing the
equipment workspace requirement for (1) and (2) above.

The integration of the LPS and 4D modelling provides an excellent opportunity to enhance
the planning process, reduce variability, improve workflow, reduce waste and plan dynamic
equipment workspace to prevent spatio-temporal clashes in elevated urban highway projects.
This research, therefore, seeks to propose a method of integrating the LPS and 4D modelling for
equipment workspace management in elevated urban highway reconstruction projects and helps
answer the question of how the interaction of LC technique and 4D BIM can improve schedule
reliability and facilitate equipment workspace planning in congested urban areas.
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1.2. Research Scope

This study focuses on using 4D simulations to elucidate the dynamic representation of activity
workspace in elevated urban highway reconstruction projects focusing on equipment workspace
requirements and planning. The term “activity workspace” represents the dynamic workspace
required for each activity on the construction schedule. Consequently, this work addresses some
of the limitations of existing research in equipment space planning and its dynamic representation
in a 4D model. In the context of this research, equipment workspace refers to the workspace
generation, allocation, conflict detection, resolution and dynamic representation of construction

equipment at any time during construction.

1.3. Aim & Objectives

This study aims to “Integrate the last planner system in a detailed 4D model for equipment
workspace planning in elevated urban highway construction projects”. To elucidate the
research aim, the following objectives will be achieved:

1. Review the scope of research on lean construction in vertical construction and its
extension to horizontal construction and suggest lean construction tools/techniques
intended to maximize value and eliminate waste on highway reconstruction projects

2. Investigate and suggest the best use applications of 4D model for highway construction.

3. Rank the LC wastes based on their influence on the transformation, flow and value
processes in construction.

4. Categorize and rank the factors that promote LC wastes in urban highway projects
based on the TFV model and propose a two-step multi-criteria decision-making method
to formalize project scheduling techniques in elevated urban highway projects.

5. Develop a conceptual framework for integrating the LPS and detailed 4D modelling for
equipment workspace planning and specify the 4D-LOD and validate the framework

using a case study approach.
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1.4. Significance and Motivation of Research

A critical consideration in seeking better ways to manage construction processes is understanding
the problem area requiring intervention. One such area is the dynamic workspace requirements
for heavy construction equipment in urban highway reconstruction projects and how to reduce the
time it takes to undertake the tasks required to complete such a project. Over the last five years,
over 429 billion US dollars have been invested in upgrading and constructing new roads by
Canadian and US governments. It is, therefore, essential to ensure value delivery to stakeholders
by ensuring timely delivery of projects. However, currently, the delivery of new and reconstructed
highways is perceived to take too much time, thus preventing the travelling public from enjoying
the benefit of the urgently needed infrastructure. Sillars (2009) claims there is growing frustration
from taxpayers over the delivery of highway construction projects. These delays place additional
financial burdens (cost of increased travel time, also known as user-costs) on commercial carriers
and the travelling public. One specific waste that will be addressed in this research is ‘“Time Waste”
and how it can be reduced by using the LPS to improve the reliability of the schedule for
equipment utilization and workspace planning in elevated urban highway construction projects.
These projects are considered equipment-intensive and planning the equipment workspace
becomes necessary to facilitate the project's delivery and avoid spatio-temporal conflicts. This
study is significant as it identifies and ranks factors attributable to delays during the construction
of urban highways, formalizes a project planning/scheduling technique applicable to these types
of projects mainly, and introduces a conceptual framework for equipment workspace planning to
prevent spatio-temporal related delays.

Transparency, collaboration and prompt information sharing among project stakeholders
are the antidotes to the challenges usually witnessed on construction sites. This becomes more
important as the size and complexity of the project increases as obtains in large infrastructure

projects such as the Turcot Interchange reconstruction project. The Turcot interchange in the city
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of Montreal, Quebec-Canada is a major passenger and freight transportation axis, used by more
than 300,000 vehicles per day. The interchange was built in 1967 and has almost reached the
end of its useful life after more than 50 years of service. The infrastructures are in poor condition
and require an ever-increasing amount of repair work. Reconstructing the highway was deemed
the best solution to ensure structural durability, improve highway safety, minimize the impact on
the local area and ensure adequate integration of the project with the urban setting. The project
will cost approximately $3.7 billion Canadian dollars and involves the construction of new links on
the local road network, demolition and reconstruction of existing elevated highways that have
reached the end of their useful life and relocation of some structures. One of the project's
highlights is its commitment to waste reduction by ensuring that about 80% of demolished
materials will be recycled, which translates to about 300,000m? of materials that will be recycled
and reused (Ministry of transport 2017).

There are lots of design and construction challenges in highway projects of such
magnitude, and some of the challenges identified in the Turcot interchange project, which
motivates this research include:

e Carrying out dismantling and construction concurrently
e Managing spatio-temporal clashes
e Managing the schedule

The development of a detailed 4D to address the issues becomes imperative. This will be

achieved by integrating the last planner system for improved planning and scheduling while

ensuring that the spatio-temporal clashes are eliminated to enhance the workflow.

1.6. Structure of Research Proposal

This thesis contains six chapters. The thesis structure (Figure 1.2: Thesis structure) and a brief

explanation of the contents of each chapter are presented below:
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Figure 1.2: Thesis structure

» Chapter 1, Introduction, provides general background on the research and the research
problem. It also elucidates the problem statement, the aim and objectives of the research and
the scope. The significance and motivation behind the research were highlighted.

» Chapter 2 contains the Literature Review and is divided into two parts. The first part focuses
on lean construction and provides insight into the existing literature on the lean construction
principles, tools and techniques and barriers mitigating its implementation in highway projects.

The second part will elucidate the importance of construction space planning with an
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emphasis on equipment space planning. The importance and role of the 4D model as a tool
for waste reduction will also be explored with an emphasis on reducing the “time waste”
through workspace planning for elevated highway reconstruction projects.

» Chapter 3 highlights the Research Method adapted is explained to justify the chosen
methodology. This chapter will also highlight the research model development, steps and
assumptions, as well as the advantages and limitations of the proposed model

» In Chapter 4, a two-step multi-criteria decision-making method was applied to
categorize and rank factors promoting LC wastes based on the Transformation-Flow-
Value theory. Planning was identified as an essential factor leading to LC wastes; a
formalized method for selecting project planning/scheduling techniques in urban highway
projects is presented to mitigate the effects of poor planning.

» Chapter 5 highlights the research approach for equipment workspace planning. A
conceptual framework is developed to facilitate an understanding of the processes involved
in workspace planning using the 4D modelling technique and a case study is developed to
implement the developed framework.

> In chapter 6, the conclusions, recommendations and directions for future works are

highlighted.

1.7. Chapter Summary

The problem of productivity and fragmentation has been identified as two challenges limiting the
construction sector's performance and requires a paradigm shift for them to be solved. This
chapter identified some challenges related to the construction of urban highways such as poor or
inadequate planning, especially relating to heavy equipment in urban highway projects. The aim,
objectives, significance and research motivation are also presented, providing a foundation and

structure for the rest of the thesis.
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CHAPTER 2: LITERATURE REVIEW

The first part of this chapter focuses on relevant scholarly works in lean construction that impact
this research work. A brief overview of LC's history and evolution will be provided and the main
principles governing it. Some lean construction tools/techniques will be highlighted, emphasizing
the lean tools used in this work. The importance of 4D models in improving the effectiveness of
LC will also be highlighted. The second part of the chapter will focus on the literature on
construction space planning. The discussion will elucidate how the LPS can be used to improve

the micro-scheduling of equipment workspace.

2.1. Concept and Application of Lean Thinking

The reduction and eventual elimination of waste is the main idea behind lean thinking. It is based
on the philosophy that rejects all kinds of waste and emphasizes value generation (Howell and
Ballard 1997a). Fewings (2013) asserted that lean thinking goes beyond seeking to eliminate
waste but extends its focus to value delivery to the client throughout all project phases. It provides
a means for specifying value, helps differentiates value-adding from non-value adding activities
and facilitates the sequential arrangement of value-adding activities (Womack and Jones 2003).
The principle of lean thinking is based on three main concepts: (1) Reduction in the share of non-
value activities, (2) Reduction in the lead time and variability, and (3) Increased flexibility,
transparency and simplicity of operations (Koskela 2000). Understanding these principles and the
use of tools and techniques that will facilitate their implementation provides an opportunity for
improving the performance of construction projects through the systematic identification and
removal of wastes (non-value-adding activities) from the construction process.

Lean thinking evolved from the Toyota Production System (TPS) developed and made famous
by Ohno for Toyota (Ohno 1988). The two main goals of the TPS were to create value and reduce
waste. These goals formed the foundation of the lean production system adapted and

implemented in the manufacturing sector. LC evolved (Figure 2.1) from lean production due to

MM|Page



Chapter 2: Literature Review

the need to improve the construction sector's productivity to mirror that of the manufacturing
sector. To facilitate the implementation of LC, it was necessary to understand lean manufacturing
thinking, principles and applications to facilitate the transfer and implementation of the same

within the construction sector.

Toyota Production
System

Lean Thinking in

Construction i Lean and BIM

»{ Lean Production pP»{ Lean Construction b

I | | I |
1988 1990 1993 1996 1999 to Date

Figure 2.1: Evolution of LC

2.2. Lean Construction

LC was first discussed by Koskela, who investigated what was referred to as “the new production
philosophy and its application to construction.” He asserted that the attempt to improve the
construction of buildings and other structures would continue to fall short of the desired results
due to the absence of a general theory of production (Koskela 1992). According to Koskela, three
fundamental elements (transformation, flow and value) need to be added to a production theory
for the gains of the lean production system in manufacturing to have any meaning for construction
(Koskela 2000).

LC has continued to evolve over the years and represents a way to design production
systems to discourage, minimize and eventually eliminate waste of materials, time and effort to
facilitate the generation value (Koskela et al. 2002a). Green and May (2005) claimed that LC
could be regarded as a set of techniques, a social-technical paradigm or a cultural commodity
that can be directly applied to construction. LC refers to the application and adaptation of the
concepts and principles of the TPS to construction (Sacks et al. 2010a; b) and emphasizes the
reduction of non-value activities, otherwise referred to as waste, as a means of value
improvement. LC is a system that promotes flow and value generation (Aziz and Hafez 2013).

Emmitt (2014) revealed that LC is a production system designed to reduce the waste of materials,
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time, and effort to create maximum value for the client. He also revealed that LC has far-reaching
interpretations that range from definitions, including design and construction activities, to very
limited interpretations related to precise functions and applications. Regardless of the different
definitions of LC, reduction/elimination of waste and focus on value as defined by the client are
two recurring themes. A report by the construction task force set up by the United Kingdom (UK)
Deputy Prime Minister in 1998, popularly known as the “Egan report,” adapted the essence of
lean thinking and set the tone for the implementation of LC in the UK (Egan 1998) and its
subsequent proliferation to other countries. Winch (2012), however, warns that the extent to which
the trade-off nature of the construction process can be changed is an important consideration
regarding the application of the lean construction approach.

Over the years, numerous studies have been carried out on LC, with different authors
putting forth arguments regarding the perceived benefits of implementing lean on construction
projects. Some of the benefits that can be gained from implementing lean include improvement
in planning reliability (Ballard 1999, 2001; Cho and Ballard 2011; Hammond et al. 2000; Liu and
Ballard 2008, 2009), project delivery times (Diekmann et al. 2003), cost (Salem et al. 2006),
productivity (Agbulos et al. 2006; Kung et al. 2008), job satisfaction (Nahmens et al. 2012) among
others. However, regardless of the perceived benefits of implementing LC, there have been some
criticisms of its lack of focus on “people-related’ themes. LC should be built on the social-technical
system having a balanced view of hard (process-related) and soft (people related) elements
(Emiliani and Stec 2005; Liker 2004; Shah and Ward 2007; Sui Pheng et al. 2011) like the TPS
that focuses on “respect for people” as one of its foundational pillars. LC's emphasis has been on

the “hard” elements due to its “process-focused’ approach.
2.2.1. Principles of Lean Construction

Five basic principles provide the foundations for implementing LC. These are value, value stream,

flow, pull and continuous improvement.
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2.2.1.1. Value

“Value” is the starting point for lean thinking in construction. Value can only be defined by the
client and is best expressed in precise terms to meet their requirements at a specific price and
time (Womack and Jones 2003). According to Hines et al. (2004), value is enhanced by reducing
internal waste present in a system. However, value creation is often mistaken for cost reduction.
Value can, however, be hard to establish (Liker 2004) as any activity that does not add value is
regarded as waste. Jargensen and Emmitt (2008) revealed that construction processes consist
of value-adding activities, essential but non-value-adding activities and non-value-adding
activities. Non-value-adding activities (pure waste) are activities that the client would not pay for,
essential but non-value-adding activities that are part of the project requirements that must be
performed for regulatory/compliance reasons. In contrast, value-adding activities are usually
transformational activities that the client pays for.

2.2.1.2. Value stream

A value stream is an analysis of activities undertaken during the construction process. It is a two-
step process that involves analyzing the current and future states of tasks that make up an activity
using the current and future state maps. It aims to identify activities that create value (value-
adding), activities that do not create value but are necessary for value creation (non-value but
essential) and those that create no value and can be avoided with proper planning (non-value-
adding). The visualization of the value stream is achieved through a technique known as Value
Stream Mapping (VSM). Womack (2006) contended that VSM helps identify and visualize the
challenges and benefits associated with the current system of working using the current state
map to improve them using the future state map. Visualizing the value stream facilitates identifying

and eliminating waste within a construction process (Kivisto et al. 2013).
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2.2.1.3. Flow

This principle is based on the unhindered movement of activities within a work package by
removing the bottlenecks that would otherwise have hindered it. Bicheno (2008) argued that this
principle is centred on designing a process to ensure the most efficient and effective way of
achieving identified value is applied. The flow principle is important as any disruption in the

workflow causes a ripple effect on the project and could increase its cost and duration.

2.2.1.4. Pull

The pull principle is a change from the traditional construction practice of using the master or
phase schedule to determine activities' sequencing. In the pull system, work is “pulled” by
production capacity or the next activity's readiness in the construction process. Liker (2004)
claimed that the pull principle's main aim is to reduce/eliminate inventory while enhancing the
organization's capability to respond to changes in client demands. The pull system requires the
quick flow of information to avoid accumulated demand deviations (Shahabuddin 2012) and is
achieved using the LPS. An important consideration in adopting the pull technique is to break
down work into small packages to facilitate flexibility in responding to changes (Hopp and

Spearman 1996).

2.2.1.5. Continuous improvement (Cl)

Clis geared towards perfection by the practising organization by using feedback loops to improve
and enhance a process. The continuous quest for perfection is intrinsically linked to an
organization's goal to meet client expectations (Matzler et al. 1996). The gains of endorsing
continuous improvement are to avoid large, risky process re-engineering by developing a process
incrementally to facilitate small continuous changes (Slack et al. 2010). The involvement of
management and employees is mandatory for achieving Cl, and it is only feasible where the

organizational structure supports Cl initiatives and reward improvement ideas.
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2.2.2. Criteria for Lean Construction

Koskela proposed a means for adapting lean production concepts into construction and
suggested three ways through which this can be attempted, namely: (1) Transformation; (2) Elow;
and (3) Value generation (TFV) theory of production (Koskela 1992). This three-way view of
production subsumes the transformation dominated construction management (Bertelsen and
Koskela 2003; Koskela et al. 2002b) and is one of the primary criteria for implementing lean
construction. The TFV represents the relationship between the three main concepts in managing
a construction project and how they contribute to its success. Three essential features are
involved in construction. The first characteristics involve the transformation of input into output.
This input may be in the form of labour, equipment and materials. The second characteristic is
“flow” and concerns activities along the value chain such as transportation, storage, waiting and
inspection. The third feature involves meeting the client's expectations by ensuring the final
product conforms to the client's requirements. These three features are encapsulated in the TFV
model, which regards construction as a transformation process. The TFV supports the insight that
three fundamental aspects of construction should be managed simultaneously.

Koskela (2000) claimed that three principles are important to the TFV model: (i) the
division of construction into smaller and manageable sub-processes and these sub-processes
further divided into tasks which should then be assigned appropriately, (ii) reduction in the cost
associated with each sub-process, and, (iii) linking the output value of a process to its input value.
Although each concept of production has its methods and practices, they can be integrated for
simplicity. The purpose of this integration is to how the principles of lean production can be applied

to construction. Table 2.1 provides an overview of the TFV (adapted from Koskela et al. 2002a).
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Table 2.1: Integrated TFV view of construction as production (adapted from Koskela et al. 2002a)

Description Transformation view Flow view Value generation view
Conceptualization | Direct transformation The flow of materials Creating value for the
of construction as | of construction inputs | composed of procurement, client by fulfilling his stated
production into outputs inspection, moving, waiting requirements
and transformation
Main principles Ensures that the Elimination and reduction of | Ensures the best
construction process all non-value adding functional worth alternative
is more efficient activities (waste) is selected to
reduce/eliminate value
loss
Procedures Work breakdown Last planner system to Value stream mapping,
structure, materials facilitate pull production and | quality function
requirement planning, | continuous flow of work deployment
organizational
responsibility chart
Contribution to Ensure that what has Ensures that what is Ensures client
the construction to be done is done unnecessary is done as little | requirements are met in
process as possible the best possible manner
with the least possible cost
for the stated quality
requirement

The TFV approach considers the flow of information, workers, material, equipment and every

other resource needed to facilitate a construction process (Sacks et al. 2009).

2.3. Concept of Waste in Lean Construction

Waste is anything that makes use of resources without creating value (Womack and Jones 2003,
1997). However, it is challenging to measure waste when measured in terms of the efficiency of
the processes, equipment or personnel (Alarcon 1997). Traditional studies on construction wastes
have focused on material wastes without consideration for the entire construction process. Most
studies on construction waste are based on the conversion model, where material wastes define
waste (Formoso et al. 1999). Viana et al. (2012) revealed that material loss, often resulting from
the environmental impact of construction and demolition material waste, focused on several
studies. However, the conceptualization of waste is rarely discussed in these studies. They further
claimed that the construction management community's effort in understanding non-physical
wastes is relatively small, as many studies focused on the consequences and not the root causes

that should be avoided. A broader conceptualization of non-physical wastes based on the
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identification and separation of avoidable and unavoidable non-value-adding activities is required

(Lapinski et al. 2006; Mao and Zhang 2008).
2.3.1. Lean Construction Wastes

In the LC paradigm, the waste is directly associated with using resources that do not add value
to the final product. This implies that improving value-adding and non-value-adding work and
eliminating waste by removing non-value-adding activities are two ways of improving construction
processes. Improving construction flows provides a means of reducing non-value adding
activities. The interpretation of flow in construction captured by the TFV theory of production views
the construction process as a flow composed of value-adding activities (represented by
“transformation”) and non-value adding activities. In general, the lean approach aims to create
the highest value for the customer by reducing the share of non-value adding activities (also
known as wastes). The concept of non-value adding activities regarded as non-physical waste
was first suggested by Ford and Crowther (Ford and Crowther 1988), which formed the basis for
the TPS (Liker 2004). The first categorization of non-physical wastes was provided by Ohno
(Ohno 1988). These wastes (Table 2.2 adapted from Ohno 1988) provide the starting point for
the discussion on LC wastes.

According to Koskela et al. (2013), Ohno’s list has been widely used and diffused into the
construction industry. Other categories of wastes have been identified and cited in literature such
as additional capital investment (Monden 2011), unutilized talent (Liker 2004), working under
suboptimal conditions (Koskela 2000), design of products that do not meet the needs of
customers (Womack and Jones 2003), “making-do” (Koskela 2004) and unnecessary capital

investment (Monden 2011).
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Table 2.2: LC wastes

Type Examples
e Incorrect information on drawings
D | Defects Rework

[ ]

e Inspections to reduce/remove defects,

e Production of defective work, not meeting specifications
Producing items earlier than needed or beyond specification
Producing more than is required

Generating waste through over-staffing

O | Over-production

e Equipment downtime
W | Waiting e Documents awaiting approval, updating or processing
o Workers unable to do value-creating work
o Waiting time between processes or for the capacity to take the next step
e People working one or two levels below their true capability
N | Non-utilized e Lack of knowledge learned from one project transferred to another
talent e Losing time and ideas, skills improvement and learning opportunities
e Moving work in progress from one place to another
T | Transportation e Moving temporary site facilities from one location to another
¢ Delivering equipment, incomplete orders
e Moving material to and from storage

e Excess raw material, WIP or finished goods causing longer lead times,

I Inventory damaged goods, transportation/storage costs and delays

e Too much material compromising the workspace

e Large site storage of materials

¢ Unnecessary movement of people and equipment that does not add value

M | Motion e Walking between workplace and welfare facilities, manual paperwork
processing

e Unnecessary movement of personnel and equipment at the site

e Taking unnecessary steps

E | Extra-processing | e Providing higher quality products than necessary and produced to
standards beyond specifications

o Inefficient processing, primarily due to poor design or work planning

M | Making-Do e Starting a task without all its standard inputs

o Execution of a task is continued, although the availability of at least one
standard input has ceased.

Formoso et al. (1999) claimed that a significant portion of construction waste could be
attributed to problems that happened pre-construction, e.g. poor design, inadequate planning,
and supplier selection. The identification of waste is, therefore, fundamental to the success of LC.
The main idea behind lean thinking in construction is to facilitate the removal of waste and
enhance value. However, the fragmented nature of the construction sector lends itself to
encouraging waste. A typical construction process has different subprocesses involving different

stakeholders, and coordinating their activities becomes more difficult as the size and complexity
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of the project increase, thereby leading to more non-value-added activities due to poor
coordination of project information, which impacts flows.

Alarcon (1997) attempted the first classification of factors deemed responsible for
promoting non-physical wastes based on the TFV theory. Subsequently, other attempts have
been made to ascertain the causative factors promoting non-physical wastes (Alwi et al. 20023;
Formoso et al. 1999; Josephson and Saukkoriipi 2007; Kaliannan et al. 2018; Khaleel and Al-
Zubaidy 2018; Nagapan et al. 2012; Vilasini et al. 2011). However, these studies failed to provide
a relationship between the identified factors and the LC wastes they promote. The reduction of
non-physical wastes can be facilitated by applying LC tools and techniques discussed in the next

section.

2.4. Lean Construction Tools and Techniques

LC techniques describe non-traditional project delivery approaches to manage and improve the
collaborative relationships that typically exist in the project environment (Wodalski et al. 2011).
Some application of these techniques includes the application of VSM in construction supply chain
management (Arbulu and Tommelein 2002), workflow analysis in precast concrete fabrication
(Ballard et al. 2003), work scheduling and management using LC (Huber and Reiser 2003; Kenley
2004; Tommelein 1999), huddle meeting, first-run studies (Deshpande et al. 2011; Salem et al.
2004, 2006), lookahead planning and simulation (Ben-Alon and Sacks 2017; Dave et al. 2016;
Hamzeh et al. 2016, 2012b, 2015; Samudio et al. 2011). However, there is a dearth of research
on the implementation of these tools on highway projects. Wodalski et al. (2011) provided
recommendations on the applicability of lean tools and techniques used in vertical construction
(Table 2.2) based on highway projects' perceived ease of implementation. They ranked these
techniques as “straightforward’, ‘moderate’ or ‘difficult’ based on their “ease of implementation”
with respect to the agreement between a potential lean technique and the current practice in the

highway project delivery process.
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Table 2.3: Ease of implementation of Lean techniques in highway projects (adapted from Wodalski 2011)

Lean Techniques in Vertical Construction | Ease of Implementation in Horizontal Construction
5-S (organizing workflow) Straightforward
Collaborative planning Straightforward
Customer focus Straightforward
Daily huddle meeting (pre-task planning) Straightforward
Standard work Straightforward
Takt time Straightforward
Value stream mapping Straightforward
Continuous flow (one-piece flow) Moderate
Workflow levelling Moderate
Last planner system* Moderate
Just-In-Time delivery Moderate
Increased visualization” Moderate
Simulation and modelling* Moderate
Batch size-reduction Moderate
Supply chain management Moderate
First, run studies Difficult
Integrated form of agreement Difficult
Target Costing Difficult

* Discussed below in further details

2.4.1. Last Planner System (LPS)

Construction projects are complex, burdened by many uncertainties, and subjected to changes in
planning. According to Nahmias and Cheng (2005), the more a forecast looks into the future, the
less accurate it is likely to be. A study revealed that only 36%-65% of planned activities are
completed as scheduled (Ballard 1999; Howell and Ballard 1997b), leading to the need for
developing an improved planning and scheduling technique. The LPS was developed by Ballard
(2000) based on lean principles and sought to improve the quality and reliability of the scheduling
process (Liu and Ballard 2008). The term ‘last planner” comes from identifying the person
responsible for executing any task and committing to the task start date (Wodalski et al. 2011). It
is mainly synonymous with LC and appears to be the most popular and implemented LC technique
(Green and May 2005; Jgrgensen 2005). Over the years, it has been refined through theoretical
studies, individual and field experiences of various researchers (Jgrgensen 2006). The LPS is

built on the assumption that reactive work planning is executed on the lowest possible level (by
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the person whose planning releases work directly for execution by the workforce at the operational
level) in the hierarchy of planners to increase the reliability of the planning process and address
the waste associated with planning uncertainty and deviation (Jargensen 2006).

The LPS is a pull-based production planning and control method to reduce uncertainty in
construction workflow (Ballard and Howell 2003; Pellicer et al. 2015) by determining what should
be done, what can be done and what will be done. It is designed to produce a more reliable project
plan (Heigermoser et al., 2019). The integrated approach used in the LPS supports plan reliability
and leads to a reduction in task variations at the project implementation stage (O. AlSehaimi et
al. 2014; Russell et al. 2014). It reduces variations in planned tasks, improves project performance
and supports the achievement of higher productivity when compared with similar projects not
managed by the LPS method (Fernandez-Solis et al. 2013; Nieto-Morote and Ruz-Vila 2011;
Wambeke et al. 2012)

Ballard and Tommelein (2016) asserted that the LPS comprises two different stages: the
long term planning stage, which comprises the master schedule (milestone plan) and the phase
plan, and the short-term planning stage comprising of the lookahead plan and the commitment
plan.
2.4.1.1. Master Schedule
The LPS starts with developing the master schedule. The master schedule is a front-end planning
process that produces a schedule describing work to be carried out over the entire project
duration. It involves project-level activities and identifies major milestone dates (Hamzeh et al.
2012a). It is usually established using historical data or average productivity rates to determine
the project's likely duration and create the phase schedule.
2.4.1.2. Phase Plan
The phase plan is obtained from the master schedule and breaks down the master schedule into

manageable work packages, the parties responsible for actualizing them and their interactions. It
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works backwards from the milestone dates and highlights tasks that should be done based on the
available capacity and commitment to complete the work collaboratively by the parties involved.
This is particularly important because schedule planning for a project cannot be performed in
much detail before the events being planned (Bhatla and Leite 2012). Phase scheduling produces
efficient scheduling and planning (Seppanen et al. 2010) further refined using lookahead
planning.

2.4.1.3. Lookahead Plan

The Lookahead plan is the third step in the LPS process and is the backbone of the LPS (Lindhard
and Wandahl 2014) as it forms a link between the master plan and the Weekly Work Plan (WWP).
It is used to decompose the phase schedule into the level of operations, designing operations,
identifying constraints, assigning responsibilities and then making tasks ready by removing
constraints (Ballard 1997, 2000; Hamzeh 2009; Hamzeh et al. 2009; Seppanen et al. 2010).
Lookahead planning improves the scheduling process's reliability by ensuring that only tasks
ready for execution are included in the WWP to ensure workflow is maintained. In LPS terms, this
is called the making-ready process (Jang and Kim 2008). The planning horizon for the lookahead
plan depends on the project's size and complexity but usually between 4 to 6 weeks. Tasks for
inclusion in the lookahead plan must satisfy some preconditions, e.g. availability of correct plans,
drafts and specifications, availability of materials, resource availability including workers,
equipment and activity workspace (Koskela 1999) to ensure their soundness. Activities become
sound by analyzing all preconditions for each activity scheduled for construction in a time frame
of up to 6 weeks into the future (Lindhard and Wandahl 2013). Each week, the lookahead window
slides one week forward. An activity with all preconditions fulfilled is moved to a buffer containing
a workable backlog of activities that are ready for execution. The WWP comprises activities from

this workable backlog to ensure that only sound tasks are included (Hamzeh et al. 2008).
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2.4.1.4. Commitment Plan

The foundation of the LPS is based on collaboration and reliability planning. Reliability planning
is based on commitment planning by the last planners. The commitment plan, also commonly
referred to as WWHP, is the last stage of the LPS process. It is a highly detailed plan that drives
and controls the entire construction process. All the tasks making up the WWP are measurable
and presented at a high level of detail to make them easy to accomplish. Heigermoser et al. (2019)
revealed that the commitment plan specifies the individual work steps that will be done. The
percent plan complete (PPC) is used at the end of each weekly plan to measure the percentage
of completed work compared to the planned work (Hamzeh et al. 2012a). Ballard (2000) asserted
that for any task to be included in the WWP, some criteria must be fulfilled (Table 2.4 adapted
from Ballard 2000). The main components of the LPS (adapted from Mossman 2011) are shown
in Figure 2.2.

The LPS facilitates collaboration and communication (Ballard and Tommelein 2016) and
reduces the fragmentation within the construction industry. Priven and Sacks (2016) revealed that
the nature of conversations within the LPS process supports social network development among
stakeholders in the construction process. The LPS requires collaboration, and without this, it
cannot succeed. However, regardless of the perceived gains of implementing the LPS, recent
studies reveal that the application of the LPS principles on projects is fragmented, and the more
complex and crucial elements of the LPS are not currently been implemented in practice (Daniel
2017; Dave et al. 2015; Kalsaas 2012; Khanh and Kim 2016; Koch et al. 2015). The complex
elements of the LPS include lookahead planning, make-ready planning and root cause analysis
(Alarcén et al. 2011; Daniel 2017). The very nature of construction makes the implementation of
the LPS challenging to achieve. Some challenges facing the implementation of the LPS includes
the use of incompatible procurement strategies, low supply chain integration, cultural and
structural issues within the organization (Johansen and Porter 2003), lack of understanding of
lean principles, and wrongly perceiving LPS as only a micro-planning-system (Alarcon and Seguel
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2002; Salem et al. 2005), late implementation and weak commitment to LPS implementation
(AlSehaimi et al. 2009), organizational resistance to change (Fernandez-Solis et al. 2013), the
absence of standardized training material on LPS implementation, lack of integration of
information modelling systems such as BIM (Dave et al. 2015), among others.

Table 2.4: Quality criteria for evaluating tasks for commitment (adapted from Ballard 2000)

Quality criterion | Question to answer

Definition Is the task defined so that workers understand what, when, where and with what?

Soundness Have all constraints been removed that can be removed prior to the plan period?

Sequence Is the task adequately sequenced?

Integrity Has the plan sequence been simulated using 4D to detect and resolve clashes?

Size Does workload, the amount of work to be accomplished, match the capability of those
who are to perform the task?

i Learn
Did On the day

Production @
Doing
1 week ahead l A
Will do Mation Commitment PPC
Plan
48 weels ahead / Check requirements, sequence,
Information Lookahead @ workload, Permits etc.
/ Plan

m Ensuring that information and all the

necessarily requirements for work are ready
Phase Plan Should do
Should do } :
Collaborative pull planning
Milestone Plan Should do

Agree key dates for specific elements
Project
Objectives

Figure 2.2: Components of the Last Planner System (adapted from Mossman 2011)

3-4 months ahead

Regardless of the challenges and criticisms regarding the LPS, it is still widely being
utilized with reported gains. Several studies have investigated the implementation of the LPS on
construction projects. Results show that implementing the LPS can help shield production units
from workflow uncertainty (Ballard and Howell 1998), improve the reliability of planning (Gonzalez

et al. 2007), reduce workflow variation by reducing the difference between tasks that are predicted
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to be executed and those actually executed (Jang and Kim 2007), enhance productivity (Liu et
al. 2010), strengthen the social network among the project participants including frontline
supervisors and direct workers (Fauchier and Alves 2013), creates productivity improvement,
workflow, reduces project delivery time (Fernandez-Solis et al. 2013), leads to process
improvements (Castillo et al. 2015), and improves stakeholder satisfaction (Daniel et al. 2019).
According to Daniel et al. (2016), the LPS involves other components (Figure 2.3), which

increases its efficiency and forms an integral part of its application and success.

Measuring PPC
Weekly Work Plan meeting |
Populating and RNC |
Lookahead (6-8 weeks) |
Constraint analysis/ Make Ready process
Taking action to correct RNC
Use of Master Programme |
Collaborative Programming/ Phase Planning |
Daily Huddle Meeting |
Preparing workable Backlog |
Consideration for flow |
Visual management |
First Run Studies

0 10 20 30 40
Number of studies

Figure 2.3: Other components of the LPS (adapted from Daniel et al. 2016)

2.4.2. Increased Visualization

One very critical requirement for the successful implementation of lean construction tools and
techniques is improved transparency. This is, however, difficult to achieve due to the fragmented
nature of the construction industry. Formoso et al. (2002) asserted that the inability of production
systems in construction to function below their full potential is because of a lack of transparency.
In the traditional conversion model of construction, it is presupposed that the subprocesses in the
entire production process can be independently analyzed and implemented without total

consideration to other subprocesses (Koskela 1992), and there appears to be no emphasis on
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transparency since it is presupposed that subprocesses can be independently realized (Brady
2014). The lack of transparency arising from the traditional conversion model of construction leads
to communication issues, and there is little feedback on the causes of problems in the process
since control is focused on time and cost rather than on learning and improvement (Koskela and
Howell 2001). Project information relevant to a process or sub-process must be shared sensibly
to encourage communication and facilitate quick decisions, critical features of a transparent

process (G. D. Galsworth 1997; Bauch 2004; Bowen and Lawler |ll 2006; Nijhof et al. 2009).
2.4.3. Construction Process Simulation Modelling

The use of simulation and computer modelling provides an excellent means of promoting the
principles of LC. Simulation enables the modeller to change the logic of construction processes
by adding, deleting or updating an event to evaluate different solutions in response to construction
problems without the cost of implementing these changes. It also helps provide information about
real-world systems (Law et al. 1991) and evaluate their performance based on the information
input (Halpin and Riggs 1992). Models simulating the entire construction process can be built and
analyzed to provide more value for the client. These models can simulate tasks, resources and
constraints to provide guidance in optimizing resource use, reducing costs, identifying and
reducing project risks and enhance the planning process (Law et al. 1991; RazaviAlavi and
AbouRizk 2015).

Simulation serves as a useful tool for designing optimal resources associated with a
construction operation and analyzing an ongoing operation to evaluate and refine it. Therefore, it
allows the modeller to experiment with different scenarios in a low-cost, low-pressure environment
(Abdullah et al. 2009). It provides managers with an environment to incorporate their prior
knowledge or experience into random processes and allows the modeller to build sophisticated
decision structures in the model to represent the actual operation accurately (AbouRizk 2010). A

simulation-based scheduling approach has been suggested by previous scholars for detailed
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scheduling at the construction operation level, capitalizing on the capability of discrete-event
simulation (DES) to mimic the construction operation logic and investigate resource allocation
among activities. Several works have been carried out to highlight the importance and application
of simulation in construction. Simulation has been applied to study resource allocation and
productivity measurements (AbouRizk et al. 1992), compare alternative construction methods to
select the optimum method (Oloufa 1993), analyze the workflow and the construction processes
involved in heavy civil projects (Vanegas et al. 1993), study and evaluate construction scheduling
(Alves et al. 2006; Hamzeh et al. 2015; Song and Eldin 2012; Tommelein et al. 1994; Wang et al.
2014; Zayed and Halpin 2000), risk assessment on construction projects (Cho and Kim 2008;
Kang et al. 2013) and supply chain management (Hamzeh et al. 2007). In the simulation
approach, individual activities, dependencies among them and resource availability are
considered. This capability makes simulation suitable for the development and investigation of
construction schedules.

2.4.3.1. Simulation in LC

Halpin and Kueckmann (2002) explored the relationship between simulation and LC. They
revealed that lean thinking provides a structured framework to redesign production processes,
while simulation provides the methodology for evaluating the benefits. A generic set of guidelines
to test lean principles in a simulation model was proposed by Farrar et al. (2004). Mao and Zhang
(2008) suggested a framework to streamline the construction process and create innovative
construction methods and applied simulation to test the efficacy of the system. Abbasian-Hosseini
et al. (2014) used computer simulation to quantify and evaluate the results of applying lean
principles in the bricklaying process, and Nikakhtar et al. (2015) applied simulation to quantify the
effects of lean principles on a reinforcement process. Simulation can be used to validate LC
concepts before field implementation as it enables the analysis of the impacts of LC theory on a
project by supporting a variety of procedures, including model sensitivity and scenario analyses
(Poshdar et al. 2016).
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2.4.3.2. simulation in bridge construction project

The features of bridge construction projects arising from their performance sequence, constraints,
resourcing issues and structural adequacies make their planning and analysis more complex
(Chan and Lu 2012). To facilitate lean thinking in bridge construction projects, planners need to
employ scheduling techniques to better control and maximize resource usage; this can be
achieved using simulation. Simulation has also been applied in the domain of bridge construction.
A few examples include the application of simulation to resolve construction dispute during a
bridge construction project (AbouRizk and Dozzi 1993), study of the repetitive cycles of placing
the concrete segments and stay cables in the construction of cable-stayed bridges (Huang et al.
1994), understand the logistics and operations involved in a highway viaduct construction project
in Hong Kong (Chan and Lu 2005), investigate the application of simulation in bridge construction
(Marzouk et al. 2007), guide the planning and construction of bridge deck (Marzouk et al. 2008;
Said et al. 2009), study the construction process involved in bridges based on day-to-day data
(Ailland et al. 2010), generate schedule for bridge construction (Wu et al. 2010) and, for the
phasing evaluation of elevated urban highway reconstruction projects (Mawlana et al. 2012,

2015).

2.4.3.3. Discrete Event Simulation (DES)

DES provides an excellent means to model and evaluate construction processes, including the
overall project duration and resource utilization (Wu et al. 2010). Mawlana et al. (2015)asserted
that DES could accommodate deterministic and stochastic modelling of construction operations
and allows for extensive sensitivity analysis to be carried out. There are several software
packages available to develop DES models. MicroCYCLONE (Halpin and Riggs (1992) and
STROBOSCOPE (Martinez 1996) are two popular software used in construction simulation.
These two programs use similar modelling elements to represent activities and resources (Table
2.5). These modelling elements are combined to form a network used to develop Activity Cycle
Diagrams (ACD) simulation models suitable for micro-scheduling construction activities.
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Table 2.5: Basic modelling elements (adapted from Martinez 1996)

Modelling Element

Description

Normal

These represent tasks that start immediately after the end of another task. A
normal acquire the resources required to perform its tasks from the task that has
just finished

Combi

These represent tasks that start only when certain conditions are met. They can
acquire only inactive resources. The default condition for a combi to start is that
none of its directly preceding queues is empty

These are used to hold idle resources. Each queue is associated with a resource
type.

——Links

This is used to connect network nodes and indicates the direction and type of
resources flowing through them.

Simulation provides a means for achieving the goals of LC as it helps identify potential

areas of improvement in construction projects by aiding in identifying and removing non-value

adding activities. A comprehensive comparison of the different simulation approaches is shown

in Table 2.6 (adapted from Andres and Poler 2016).
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Table 2.6: Comparison of simulation approaches (adapted from Andres and Poler 2016)

Discrete Event Simulation

System Dynamics

Agent-Based Simulation

Decision-making
level

Operational

Strategic

Operational and tactical

Degree of
centralization

Centralized: One thread of control.
Entities are described as passive
objects, and the rules that drive the
system are concentrated in the
flowchart blocks

Centralized: Useful to model systems
consisting of homogenous entities,
dominated by general laws, uniform in
time and space

Decentralized: Each agent has its
thread of control. The process is
described from the entity’s viewpoint. It
is useful in more complex systems

Level of abstraction

Low: Tends to look at the smaller
detail of a system

High: Tends to take a more overall
perspective and considers the holistic
approach of systems

Low: Abstraction of the systems basic
components are individually done

The complexity of
the modelled system

Low level of abstraction makes the
modelling process detailed and
complex

Higher degrees of abstraction leads to
lower complexity models

Low level of abstraction makes the
model more rigorous and considerably
more complex

Modelling approach

The top-down approach focused on
modelling the system in detail

The top-down approach focused on
modelling the system from a global
perspective

Individual-based. A bottom-up
approach focused on modelling the
entities and their interactions

Mathematical
approximation

Stochastic in nature. Randomness is
generated using statistical distribution

Generally deterministic and variables
usually represent average values

Generally stochastic. Can use input
distribution to model random behaviour

Evolution over time

The system is modelled as a network
of queues and activities; state
changes occur at discrete points of
time and at irregular discrete time
steps

The system is represented as a set of
stocks and flows; state changes occur
continuously over time, are
continuous, approximated by small
discrete steps of equal length

The system is modelled considering
that state changes occur at discrete
points in time. State changes occur in
defined steps of discrete-time

Entities behaviour to
making decisions

Passive: The behaviour of the entities
in the model is determined by the
system

Passive: Individual entities are not
explicitly modelled but are instead
represented as a continuous quantity
in stock

Active: Specific attributes are assigned
to each agent, which determines what
happens to them throughout the
simulation

Data requirements

Requires detailed data. Input
distributions are often based on
collecting/measuring objective data

Minimal data required to build the
model. Input distributions are often
based on theories or subjective data

Requires detailed data to model agent
behaviour. Input distributions are often
based on theories or subjective data

Validation

Established rules for validation

Established rules for validation

Validation rules cannot be directly
transferred
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2.5. Lean Intervention in Highway Projects

Infrastructure projects are projects primarily carried out to fill a need in society. One such need is
the provision of new and reconstructed highways. In most developed countries of the world, the
focus is on reconstructing existing highways that may be approaching or surpassing their service
life or to accommodate the effect of urbanization. As a result, reconstruction and rehabilitation
work on existing highways is expected to increase over the coming years and ensuring that
highway construction works are completed on schedule places state transport agencies under
increased pressure. The current practice in the construction industry indicates that urban highway
projects are often overrun in budget and time due to different factors, including the high cost of
equipment and materials, meteorological and environmental factors, and a large number of
unpredictable factors (Dawood and Shah 2007; Hannon 2007).

Limited workspace, maintaining an acceptable flow of traffic, availability of enough workspace for
construction workers and sufficient lane width for road users without a compromise to safety, and,
phasing of construction works to account for the number of contractors involved, independent
resource utilization planning by each contractor and the large number of concurrent activities
taking place at the same time are some specific challenges encountered in urban highway
projects (Doriani 2012; Mawlana et al. 2012, 2015)

The procurement method typically adapted for infrastructure highway projects also serves
as an inhibitor to successfully implementing the lean concept in such public-sector projects.
However, BIM tools integrated with lean principles can facilitate the adoption and implementation
of lean construction principles in highway construction. According to Strafaci (2008),
“implementing a BIM process for road and highway design starts with creating coordinated,
reliable design information about the project. This results in an intelligent 3D model of the road in
which elements of the design are related to each other dynamically, not just points, surfaces and

alignments, but a rich set of information and the attributes associated with it.”
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2.5.1. Lean Project Delivery System

Different project delivery systems (PDS) such as design-build, design-bid-build, construction
management at risk are used in the construction sector. However, despite the logic of traditional,
many owners/customers remain dissatisfied (Lichtig 2006). To ensure that owners/customers get
value for their money, the construction industry needs to move towards better coordination of
participants and more collaborative and integrated approaches to provide more predictable results
to owners/customers (Egan 1998). The lean project delivery system (LPDS), also known as
integrated project delivery (IPD) (Post 2010) and integrated lean project delivery (ILPD) (Walker
2009), provides a viable solution to the problem of corroborative and integrated approaches to
facilitate better outcomes for construction projects.

Lean project delivery system (LPDS) is a project-centric delivery that seeks to align
interests, objectives and practices of the project stakeholders through a team-based approach by
applying several lean techniques (Hanna et al. 2010; Wodalski et al. 2011). It is a prescriptive
model for managing projects in which project definition is represented as a process of aligning
ends, means and constraints (Ballard 2008) and builds cooperation in the context of a single
integrated team involving the major project stakeholders as equals in the pursuit of a shared goal
(Mossman et al. 2010). LPDS seeks to improve project outcomes through a collaborative
approach of aligning the project teams' incentives and goals through shared risk and reward, early
involvement of all parties, and a multiparty agreement (Sarkar 2015). Mastroianni and Abdelhamid
(2003) claim that conventional project management techniques provide structure and rules of
engagement but currently do not promote the removal of waste in design and construction
processes nor focus on adding real value. LPDS can augment conventional methods to include
what the owner wants while improving the bottom line for the stakeholders involved (Howell and
Ballard 1997a; Koskela 1992). In the LPDS, it is assumed that the job of the project delivery team

is not only to provide what the client wants but also to provide guidance to aid the client in deciding
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what they want. Consequently, it is imperative to comprehend the purpose and constraints of the
client, expose the client to other means through which their purpose may be achieved and help
them understand the consequences of their desire. An overview of the LPDS adapted from Ballard

2008 is shown in Figure 2.4.
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Figure 2.4: Lean project delivery system (adapted from Ballard 2008)

Traditionally, state transportation agencies (STA) adopt the design-bid-build (DBB) project
delivery method to complete transportation infrastructure projects either alone or in a combination
of construction manager at risk (CMAR) and design-build (DB) (Hanna et al. 2010; Wodalski et
al. 2011). This, however, has not improved productivity or reduced the fragmentation in the
construction industry. LPDS can improve quality, shorten project duration, reduce costs, improve
collaboration and transparency, reduce waste and enhance value for the client/owner. Developing
a true LPDS requires integrating lean philosophy through the systematic application of lean
techniques within an integrated project delivery framework. While many lean techniques and tools
can be implemented in isolation, the IPD framework's utilization is a vital baseline requirement for

developing a true LPDS (Wodalski et al. 2011).
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2.5.2. Virtual Design and Construction (VDC)

The Centre for integrated facility engineering (CIFE) at Stanford University proposed the first
definition for VDC and defined VDC as “the use of multidisciplinary performance models of
construction projects, including their product, organization and process (POP) models to support
business objectives (Khanzode 2010; Khanzode et al. 2006; Kunz and Fischer 2012). Mandujano
et al. (2015) considered VDC as a structured process, a set of measurable activities conceived to
produce a specific outcome. The VDC project model is an integrated model that emphasizes
those aspects of the projects that can be designed and managed, i.e., the product, the
organization that will define, design, construct and operate it and the process that the organization
will follow (Kunz and Fischer 2012). Although VDC and BIM are sometimes used interchangeably,
BIM represents the form/scope of the product, which is an important but small portion of the VDC
framework (Kunz and Fischer 2012). Kam et al. (2014) revealed that subtle additions to VDC in
terms of the modelling scope, the drivers of modelling and social methods for leveraging the
models make VDC more comprehensive and holistic than BIM. VDC refers to the entire POP
model (which has BIM as part of the product definition) and includes all processes over the
planning, design, construction and operation of a project as well as the project organization
supporting these processes (Kam et al., 2014; Kunz and Fischer 2012; Mandujano et al. 2015).
VDC provides an excellent means for incorporating lean tools and techniques in the
delivery of new and reconstructed highways. It fosters early collaboration and has the potential of
transforming the construction process (Zeiss 2012), facilitates the reduction of waste by first
building virtually to check for buildability and makes cost-less changes to the design if need be.
Khanzode et al. (2006) provided guidelines for using VDC principles during the LPDS and
highlighted specific examples of how VDC can be used during the LPDS. VDC provides the
technology to sustain the lean implementation effort and helps achieve lean principles (Khanzode

et al. 2007). Regardless of the perceived benefits of implementing VDC, some challenges mitigate
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its full adoption and implementation in horizontal construction. According to Kunz and Fischer
(2012), VDC emerges in three stages: visualization, integration of multiple models and
automation. In the first stage, visualization is relatively easy to achieve with current PC
technology. However, because VDC models are multi-disciplinary (they include product,
organization and process models), integrating these models is typically hindered by
interoperability issues. Another challenge to implementing VDC in the infrastructure domain is the
lack of an assessment tool and methodologies to measure and facilitate its implementation (Kam
et al. 2014). They further asserted that developing an assessment methodology for VDC will allow
for an accurate assessment of the performances and challenges facing its implementation,
provide opportunities for improvement and create a healthy feedback loop among academia,
private and public organizations, and industry groups, thus leading to the optimization and
maximization of returns.

A variety of tools and techniques have been developed under the VDC framework and
includes product visualization tools (3D object modelling technology), product and process
modelling and visualization tools (4D visualization tools), organizational and process modelling
tools, online collaboration tools and techniques to analyze the effectiveness of multi-stakeholder
meetings (Khanzode et al. 2006). Measuring the gains from VDC implementation in a systematic

manner is important, considering the cost of investment in both software and training.
2.5.3. Building Information Modeling (BIM)

BIM is a digital representation of the physical and functional characteristics of a facility (Suermann
and Issa 2009) and is the process of generating and managing building data during its life cycle
(Lee et al. 2006). BIM promotes a more cohesive design and construction process with positive
ramifications for cost, quality and duration (Eastman et al. 2011). BIM covers geometry, spatial
relationships, geographic information, quantities and properties of the building component (Lee

et al. 2012) and can LC outcomes by reducing waste and inefficiency (Sacks et al. 2010a).
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BIM is helping to transform the ways construction projects are designed, analyzed,
constructed and managed by creating a corroborative platform for project stakeholders. It can,
therefore, serve as an excellent tool in reducing lean wastes when adequately utilized. It facilitates
communication, collaboration and transparency among project stakeholders, promotes the
optimal use of resources, helps to reduce waste by conceptualizing the entire project before the
commencement of construction, used for space planning in worksites, helps in costing and
estimation and accurate production of material take-off requirements and provides an excellent
means of documentation among others. BIM also leads to faster and more effective processes
by reducing field coordination problems to reduce waste of waiting, leads to better designs,
facilitates in the reduction of reworks arising from defects, controlled whole life cycle costing,
synchronized design and construction planning, reduction of conflicts, clash detection and
changes, verification, guidance and tracking of activities (Azhar et al. 2015; Eastman et al. 2011).

BIM is, among other things, a visualization tool, and visualization helps in eliminating the
confusion that may arise from unclear or misinterpreted information. In the construction of
elevated urban highways, BIM as a visualization tool has a tremendous impact on waste reduction
as it facilitates the exchange of information and promotes coordination. The relationship between

BIM and LC is shown in Figure 2.5 (adapted from Eroshkin et al. 2016).
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Figure 2.5: How Lean-BIM generates value (adapted from Eroshkin et al. 2016).
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The implementation of BIM can facilitate the reduction of LC waste. BIM can be used as
a decision support tool to achieve stable flows (Sacks et al. 2009) and has become the standard
approach for project information coordination and automation (Azhar et al. 2015). Dave et al.
(2013), however, contended that it is crucial to understand the application of lean and BIM to
facilitate an improvement in the production management of infrastructure projects due to their
value and strategic significance to the development of any nation. Technologies such as 4D BIM
aim to improve the productivity of the construction sector and work better when integrated with
contemporary management concepts such as LC tools, techniques, and methodology. The
integration of 4D BIM and LC in elevated urban highway projects can provide new opportunities

for better implementation, monitoring, and evaluating projects in this domain.
2.5.4. 4D Modeling

A 4D model can be defined as the integrated visualization of 3D engineering data, i.e. spatial
data, and a construction schedule with purpose-built modelling technology (Hartmann et al. 2008;
Heesom and Mahdjoubi 2002a, 2004; Jongeling and Olofsson 2007; Webb et al. 2004). It is
obtained by linking a 3D model to the fourth dimension of time. According to Koo and Fischer
(2000), the project's temporal and spatial aspects are linked as they would be during the actual
construction process in the 4D model. 4D models facilitate logistics and site layout planning
(Zhang et al. 2000), promotes collaboration (Fischer and Kam 2001; K&ahkdnen and Leinonen
2001), helps improve workspace planning (Akinci et al. 2002c; a; Heesom and Mahdjoubi 2002b;
a), used for constructability reviews (Hartmann et al. 2008; Hartmann and Fischer 2007), aids
scheduling, scheduling, workflow-based and location-based planning, identification and
resolution of spatio-temporal conflicts, safety issues and site workspace management (Jongeling
and Olofsson 2007; Koo and Fischer 2000; O’Brien et al. 2012; Platt 2007) and visualization of
designs for marketing and communication purposes, design review, cost estimating, bid

preparation and procurement (Hartmann et al. 2008).
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The systematic use of the 4D model can lead to significant cost and time savings and can
be especially useful in projects with multiple stakeholders (Teixeira 2014). It helps boost collective
decision making and the development of constructability and execution strategies. Khanzode et
al. (2006) reveal that 4D models can communicate the construction sequence at the macro and
micro levels. They explained further that they could be used to communicate issues like material
movement and staging areas throughout the project, access routes and disruptions due to
construction on other areas surrounding the construction project at the macro level. They can be
utilized on the micro-level to demonstrate the construction sequence for a project allowing project
teams to determine the laydown areas available during construction. The research on 4D
technology is influenced by increasing project complexities, requirements for projects to be
delivered in a shorter time and a general need for better planning techniques (Platt 2007) and
facilitates the delivery of complex projects. According to Kang et al. (2006), 4D models help
express numeric construction schedule data in a visual format, and this visualization helps
planners visualize the construction process as it would be built. The elements in a 4D model will
contain its geometric attributes that from its 3D shape, and the time attribute that specifies the
construction schedule and may facilitate a deeper understanding of the construction process
since it provides the actor with the visual elements that can be used to simulate a sequence of
construction tasks (Mahalingam et al. 2010).

One important use of 4D models is detecting and analyzing spatio-temporal clash (Dodds
and Johnson 2012; Patel 2015). Spatio-temporal clash occurs when activities’ space
requirements interfere with one another or with work in place (Akinci et al. 2002c). Two main types
of spatio-temporal clashes exist: (a) hard clashes, interferences between physical components
and (b) soft clashes, interferences between different clearance volumes and workspaces (Staub-
French and Khanzode 2007). Regardless of the benefits of 4D modelling, it is not without
limitations. Developing the 4D model requires a labour-intensive information input process to
ensure that the level of detail (LOD) is sufficient to test and analyze sequencing alternatives
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(Harris and Alves 2013). The LOD is important because the level of interactivity required with the
4D simulation is critical in ensuring the project plan's reliability (Heesom and Mahdjoubi 2004).
Koo and Fischer (2000) also revealed that developing a 4D model involves categorizing the
activities of the original schedule and creating relationships between the activities with the 3D
model components in a 4D simulation application. This process becomes laborious as the size
and complexity of the project increases involves significant work hours and creates additional up-
front costs to the project. According to Heesom and Mahdjoubi (2004 ), another limitation of current
4D modelling applications involves its visual representation as they are unable to represent the
dynamic capabilities of the simulation accurately. They further contended that to promote 4D
simulation, it is necessary to improve the system to ensure that it requires a minimum level of
input. Automating schedule data preparation and building the 4D model in the design stages can
expedite 4D model development (Koo and Fischer 2000). Improvements in current 4D models
must, therefore, be made to expedite their generation and aid users in conducting the model
analysis.

4D simulations provide an excellent opportunity for space planning in highway projects,
but currently, the ability of 4D models to dynamically represent work execution space, including
equipment space, is an area of research that has been neglected and requires further attention.
However, it is not a “fix-it-all” technology, and its full potential will be realized only when it can be
customized to suit the need of individual sites. A 4D model's ability to accurately simulate
construction is strongly linked to the planning process's reliability and ability to identify and remove
constraints to make plans ready for implementation.

The 4D model's reliability can be increased with support from the LPS and vice versa
(Bhatla and Leite 2012), making it essential to develop a framework for integrating the LPS in a
4D model. There have been attempts to integrate the LPS and 4D to enhance the understanding
of construction processes to facilitate collaborative planning and improve project progress
monitoring (Bhatla and Leite 2012; Khanzode 2010; Sacks et al. 2011, 2013; Toledo et al. 2014).
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However, these contributions were purely conceptual and failed to provide any practical evidence
to validate the framework implementation (Toledo et al. 2016). Figure 2.6 summarizes the best

use of 4D models for highway construction gleaned from the literature.

4D Model
Product Process Modeling Collaboration and
Visualization and Analysis Communication
Schedule analysis Constructlon. Design anal¥§|s/
process analysis constructability

L> Space analysis

Figure 2.6: Applications of the 4D Model

In the delivery of new and reconstructed highways and indeed in all projects, construction
planning and scheduling play a crucial role in developing a feasible 4D model, and it is, therefore,
essential to ensure that the scheduling is done in such a way as to avoid workflow clash which is
a form of spatio-temporal clash. However, regardless of the significant number of research on the
gains and applications of 4D modelling, very few have focused on applying the 4D model in micro-

scheduling of heavy construction equipment used in highway construction.

2.6. Barriers to Implementation of Lean Construction

Research has shown that lean intervention in construction reduces variability, improves
construction flow and ensures that value is provided to the client regarding the project KPI’s.
Regardless of the perceived and actual benefits that can be directly or indirectly gained from
implementing lean in construction, some barriers prevent its full implementation and realization of

its gains.
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Several studies have been carried out to identify the barriers to the implementation of lean

in different countries. Based on an extensive literature review, this study summarizes the

significant findings on lean implementation barriers into two broad categories: external and

internal barriers. The choice of this categorization is to provide proper intervention measures to

the identified barriers and not spend too much time trying to remove barriers outside the direct

influence of the construction industries. The external barriers are corporate based issues affecting

the construction industries, such as the organizational culture and management commitment to

lean intervention, while the internal barriers are project-based issues affecting the successful

implementation of lean on a project level. These barriers are summarized in Table 2.7.

Table 2.7: Barriers to the implementation of LC

Main Theme Barriers to Implementation References
e Poor client and supplier involvement Alarcon et al. (2002); Alinaitwe
e Lack of top management support and | (2009); Bashir et al. (2015);
commitment Common et al. (2000); Forbes et
Management | e  Poor project definition al. (2002); Forbes and Ahmed
Issues e Delay in decision making (2004); Oladiran (2008); Sarhan_
e Poor selection strategies for procurement | @nd Fox (2013); Shang and Sui
» (project delivery method) Pheng (2014)
o e Organizational culture
o e Lack of organizational culture supporting
EE teamwork
m e Inadequate project funding Common et al. (2000); Dulaimi
3:' Financial ¢ Implementation cost and Tanamas (2001); Mossman
=z Issues ° Poor professiona| wages (2009), Oladiran (2008,) Sarhan
& e Lack of incentive and motivation for | and Fox (2013)
'; workforce
w e Corruption Alinaitwe  (2009);  Oladiran
e Inconsistent government policies (2008); Wodalski et al. (2011)
e Lack of social amenities and infrastructure
Government | 4  |nflation
Issues e Material availability and unsteady price
commodities
e Lack of social amenities and infrastructure
e Lack of an understanding of what lean entails
e Lack of technical skills for lean | Abdullah etal. (2009); Alarcon et
a0 implementation al. (2002); Alinaitwe (2009);
; 5 Educational ° |nadequate training and exposure for the Castka et al. (2004), Common et
& o Issues requirements of LC implementation al. (2000); Cua et al. (2001);
E % e Lack of training to facilitate the holistic | Mossman (2009);  Oladiran
<o implementation of lean (2008); Sarhan and Fox (2013)
e Lack of lean awareness
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Collaborative
Planning

Poorly defined focus and low understanding
of the lean concept

Lack of training to support lean intervention
Lack of group culture and shared vision
Lack of time for implementing new practices
in projects that were already underway
Weak communication among project
stakeholders

Fragmentation of the construction sector

Abdullah et al. (2009); Alarcon et
al. (2002); Alarcon and Seguel
(2002); Ayarkwa et al. (2012);
Castka et al. (2004); Cua et al.
(2001); Johansen et al. (2004);
Johansen and Porter (2003);
Salem et al. (2006); Sarhan and
Fox (2013); Shang and Pheng
(2014)

system

¢ Lack of management leadership Ayarkwa et al. (2012); Fawcett
e Lack of agreed lean methodology and Cooper (2001); Sarhan and
Benchmarking | e«  Fragmentation of the construction industry | Fox (2013)
e Lack of formal “best practice.”
e Lack of an understanding and
implementation of client requirement
TQM e Lack of management leadership Haupt and Whiteman (2004)
¢ No formal/systematic means of ensuring
continuous improvement
Variability e Incomplete design Koskela  (1999); Lamming
Reduction o Design/construction dichotomy (1993); Sarhan and Fox (2013)
e Lack of prefabrication Koskela (1999); Paez et al.
Flow Reliability | ¢ Use of non-standard components (2005); Pheng and Chuan
e Poor material requirement planning (2001); Shmanske (2003)
e Uncertainty in the supply chain
e Poor supplier integration in the construction | Pheng and Hui (1999); Polat and
JIT process Arditi  (2005); Womack and
e Poor transportation and communication Jones (2003)
e Lack of inventory control
Pull Scheduling | e Inadequate resources Ballard and Howell (1998);
e Inadequate planning Mader (2003); Matthews et al.
e Poor implementation of the last planner | (2000)

2.6.1. Challenges to Implementing Lean-BIM in Highway Projects

An essential criterion for BIM's success is the availability of open standards for the lossless

exchange of high-quality BIM data between software applications from different manufacturers.

According to Amann et al. (2015), the Industry Foundation Classes (IFC), drawn up by the

international organization BuildingSMART, presents a standardized data model that meets these

requirements. The IFC is data elements representing parts of buildings or elements of the process

and contains the relevant information about those parts (BuildingSMART 2017). They are used

by computer applications to assemble a computer readable model of the facility to be built and
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contains all the information regarding the model and their relationships (Beal n.d.). IFC provides
an environment of interoperability among compliant software applications in the architecture,
engineering, construction, and facilities management industry (AEC/CM). They allow building
simulation software to automatically acquire building geometry and other building data from
project models created with IFC compliant software and facilitate the direct exchange of input and
output data with other simulation software (Bazjanac and Crawley 1997; Yabuki 2010). However,
IFC mainly supports structural engineering while ignoring civil engineering (Amann et al., 2015).

The lack of an official IFC standard for representing 3D model data in the infrastructure
domain is a challenge towards the adoption of BIM in infrastructure projects (Yabuki 2010). He
further revealed that there is no standard 3D software for infrastructures, thus leading to the
problem of interoperability. Interoperable product models are necessary to share to exchange
data, and presently attempts are being made at extending the IFC definitions for infrastructure
works, beginning with alignment and expanding into other areas such as roads, rails, bridges and
tunnels (BuildingSMART 2017). Due to the rapidly increasing importance of BIM for infrastructure,
research is currently in progress to develop a comprehensive civil engineering extension that will
make it possible to describe elements such as roads, railways, bridges and tunnels (Amann et al.
2015). They further asserted that the first steps towards developing an IFC infrastructure have
been made as part of the IFC alignment project, aiming to develop an alignment extension.

The IFC alignment model will be the basis for many other infrastructure-related data
models such as IFC Road, IFC Bridge and IFC Tunnel (Figure 2.7 adapted from BuildingSMART
2017). Until this is done, the problem of interoperability will limit the application of BIM to highway
projects. An overview of the infrastructure modules (adapted from BuildingSMART 2017) is shown

in Figure 2.8.
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Figure 2.7: IFC Alignment (adapted from BuildingSMART 2017)
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Figure 2.8: Overview of infrastructure modules (adapted from BuildingSMART 2017)

Other factors aside from the challenge of operability, are responsible for the slow adoption
and implementation of lean-BIM in infrastructure projects. One of these factors is the planning
and scheduling techniques applied to infrastructure projects, especially related to the delivery of
new and reconstructed urban highways. The effectiveness of traditional planning and scheduling
techniques typically applied in building construction projects have a limited application in
infrastructure projects (Harmelink and Yamin 2001; Kang et al. 2006,2012 2013) as they fail to
address the spatial nature of the project (Kang et al. 2012; Koo and Fischer 2000; Shah et al.
2009). The project delivery method typically adapted to deliver new and reconstructed highways
is the Design-Bid-Build (DBB), which inhibits collaboration and innovation. In the DBB method,
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the design is usually done by a consultant and then general contractors tender bids and perform
construction if they win. Hence the requirements for the implementation of Lean-BIM are
challenging to achieve because of the project delivery method. Yabuki (2010) contended that to
facilitate the adoption of BIM in the infrastructure domain, the current project delivery system must
be changed or modified. Other challenges facing the implementation of Lean BIM are shown in
Figure 2.9. It is also revealed that the adoption and use of BIM in infrastructure projects are only

at an average level of implementation (Chong et al. 2016; Shou et al. 2015).
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Figure 2.9: Key Challenges to implementing Lean-BIM

2.7. Construction Workspace Management

Construction Workspace Management (CWM) refers to the process of classifying, planning and
managing the workspace requirements for construction projects. It includes processes such as
workspace generation, representation and allocation, and includes the process of workspace
conflict detection and resolution at any time during a construction project (Chavada et al. 2012b).
Workspaces are one of the critical resources required for the successful management of a project.
Luo et al. (2019) asserted that workspaces accommodate and constrain activities as they form

and evolve spatiotemporally as the project progress. Construction workspaces aim to align project

46 |Page



Chapter 2: Literature Review

resources (i.e. personnel and equipment) with available space to ensure that construction
activities can be carried out safely and productively. A construction site is a complex and dynamic
environment where the dynamic objects on site interact with each other in a complex and spatio-
temporal manner. According to Koo and Fischer (2000), this complexity makes it hard to better
understand the construction processes with traditional methods, especially in planning the
construction workspace. However, the dynamic nature of construction activities makes the
management of workspaces challenging using conventional planning methods, especially when
it relates to micro-scheduling of short duration activities requiring the use of heavy construction
equipment. Mallasi (2006) asserts that conventional planning methods do not effectively represent
and communicate the interference between construction activities and do not consider space
constraints in the planning process. They typically focus just on the time and cost aspect (Chau
et al. 2004; Dawood and Mallasi 2006; Mallasi 2006; Wang et al. 2004).

Getuli and Capone (2018) asserted that incorporating workspace considerations from the
spatial and temporal perspective in construction planning and scheduling plays a vital role in
proactively preventing spatio-temporal issues that have the potential of reducing productivity and
causing site safety-related issues. Spatio-temporal conflicts have been acknowledged as one of
the leading causes of productivity loss (Lucko et al. 2014a; Wu and Issa 2014) and safety-related
concerns (Son et al. 2019; Song and Marks 2019; Vahdatikhaki and Hammad 2015a) therefore,
making Construction Workspace Management (CWM) an important aspect in construction
projects. Construction activities require a set of adequate workspaces to be executed safely and
productively (Wu and Chiu 2010). Therefore, the construction workspace scheduling problem
focuses on ensuring the availability of activity execution workspaces. Winch and North (2006)
argued that two main problems in space planning, which are independent but require different
approaches, are: planning the activity workspace and planning the site layout. Most previous
studies on workspace planning assumed that the resources for activity execution occupy the
required workspace for the duration of the activity, adapted the same method for identifying
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workspace for workers and materials regardless of their different space generation principles and
failed to consider micro-scheduling of short duration activities (Choi et al. 2014). Workspace
planning is usually carried out based on the planners' intuition rather than a formalized process
(Akinci et al. 2002b; Sadeghpour et al. 2006), making it challenging to design a workspace for
short duration activities, especially for large and complex projects (Hammad et al. 2007; Said and
El-Rayes 2013; Wang et al. 2004). Furthermore, current planning techniques do not typically
consider the spatial requirements for each activity. Choi et al. (2014), therefore, argued the need
for an integrated approach to workspace planning that will account for the dynamic and complex
interaction between construction activities and the workspace required to complete them. Su
(2013) summarized the challenges involved in workspace planning into three: (1) how to generate
complex workspace shapes, (2) how to facilitate the modelling process (i.e. automate or semi-
automate) considering that most of the existing model requires extensive user input, and (3) how
to release the constraints coming from the product model itself as many existing methods only
use the product based approach to derive workspaces.

Construction workspace planning involves three continuous procedures to ensure its
effectiveness: (1) identification of workspace based on the 3D model, (2) determination of tasks
time associated with the identified workspace, and (3) arranging a logical task sequence (Zhou et
al. 2010). Most previous studies on workspace planning assumed that the resources for activity
execution occupy the required workspace for the duration of the activity, adapted the same
method for identifying workspace for workers and materials regardless of their different space
generation principles, and failed to consider micro-scheduling of short-duration activities (Choi et
al. 2014). The succeeding sections will explore different aspects of construction planning and

scheduling concerning spatial requirements.
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2.7.1. Classification of Workspaces in Construction

Planning the workspace requires a clear understanding of its characteristics to classify them.
Twelve (12) types of workspaces were identified (Riley 1994); these provided the basis for the

classification by Riley and Sanvido (1995) shown in Figure 2.10

| Construction Space |
Available Space Construction Construction
P Process Space Product Space
Unloading Staging Storage Work Debris Protected Product
Area Area Area Area Area Space Area
Prefab. Layout Material Personnel | | Tool/Equipment || Hazard
Area Area Path Path Area Area

Figure 2.10: Construction workspace classification (adapted from Riley and Sanvido 1995)

Akinci et al. (2002) further grouped these 12 spaces into three categories (i) macro-level
spaces; large-scale spaces, e.g. staging, storage, unloading, prefabrication areas (ii) micro level
spaces; spaces required close to the construction activity site, e.g. crew, equipment, hazard and
protected areas and also included the space for the actual work being performed (iii) path; spaces
required for transporting material, personnel. According to Choi et al. (2014), classifying the
workspace makes it easier to understand workspace planning requirements. They classified
workspaces based on function (direct and indirect) and movability (fixed and flexible). Although
this classification is an improved version from that proposed by Riley and Sanvido (1995), it
introduces some complexities in correcting classifying workspaces. For example, they classified
a staging area as a direct workspace based on function, and based on movability, asserted that
staging rea could be both fixed and flexible. However, the staging area is not a direct workspace

but an indirect workspace. Direct workspaces are workspaces required for only value-adding
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activities (e.g. labour space, object space). Table 2.8 shows the results of other workspace
classification studies.

Table 2.8: Workspace classification studies
Author Space classification
Song and Chua (2005) Product space, process space, protection space, path space
Dawood and Mallasi (2006) Product space, process space, equipment space, equipment path
space, storage space, labour space, protected space, support space

Winch and North (2006) Product space, installation space, available space, required space

Moon et al. (2009) Installation space, prefabrication space, transfer space, loading space,
safety space

Wu and Chiu (2010) Path space, material space, labour space, equipment space, site layout
space, building component space

Chua et al. (2010) Process space, resource handling space, product space, usable space,
dead space

Chavada et al. (2012b) Main space, support space, object space, safety space,

Choi et al. (2014) Object space, working space, temporary storage space, path space,
unavailable space

Zhang et al. (2015b) Building component space, worker space, material handling path space,

equipment space, protective space

The different workspace classifications shown in Table 2.8 are all variants from the work
of Riley and Sanvido (1995), but slightly different terminologies have been used. For instance,
some authors (Chua et al. 2010; Dawood and Mallasi 2006; Song and Chua 2005; Winch and
North 2006) used product space, and others used building component space to represent the
space occupied by either the permanent building component space, temporary building
component space or material storage space (Wu and Chiu 2010; Zhang et al. 2015a). Based on
the above differences in terminologies, a generic workspace classification is proposed. The
proposed classification (Figure 2.11) recognizes two broad categories of workspaces: direct and
indirect workspaces. Direct workspaces are spaces required for transformation activities only
(transformation of inputs into outputs), referred to as value-adding activities. Indirect workspaces
are support spaces required to facilitate transformation activities (also referred to as essential but
non-value adding activities). The proposed classification is different from the classifications
adopted in previous studies as it considers workspaces based on their static and dynamic

qualities. Definitions for the proposed classification is also provided (Table 2.9)
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Figure 2.11: Proposed workspace classification

Table 2.9: Proposed workspace definitions

Workspace Definition

Equipment space  Space occupied by construction equipment when in operation

Process space Space required to facilitate transformation activities and includes material
handling space, set-up space, working space and staging space

Labour space Space occupied by personnel directly involved in transforming input into output

Object space Space occupied by construction components (e.g. prefab walls, decks) prior to
installation

Product space Space occupied by construction components (e.g. prefab walls, decks) during
and after installation

Prefabrication Space reserved for prefabrication of construction components (e.g. prefab walls,

space decks)

Path space Space required for the movement of labourers, equipment and materials

Safety space Space required for the safe operation of construction activities. Includes
unavailable space, hazard space and protection space

Storage space Space required for storage. Includes debris space and material laydown space

Workspace classification is an important consideration in workspace planning. Despite the
importance of workspace planning, certain factors still prevent its application in practice. Some of
the identified factors includes: poor construction planning, poor coordination and collaboration
between project stakeholders, selection of inadequate construction method, poor site layout
(Bansal 2011; Dawood and Mallasi 2006; Winch and North 2006), and unique and complex

construction designs (Ovararin 2001; Shapira and Lyachin 2009).
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2.7.2. Workspace Generation and Allocation

Workspace generation and allocation is the process of generating workspaces and allocating
them to activities and locations. Wang et al. (2018b) revealed that there are currently two methods
used for generating workspaces: solid geometry-based and cell-based. The solid geometry-based
method is based on the approach that utilizes one or more solid geometry objects to represent
space requirements. The majority of research in this domain allocated workspaces using
Bounding Boxes (BB) (Choi et al. 2014; Kim et al. 2014; Mirzaei et al. 2018; Shang and Shen
2016; Wang et al. 2018a), Axis-aligned Bounding Boxes or composite shape geometries
(Hammad et al. 2007; Su and Cai 2014). The solid-based approach is applicable for modelling
workspaces of static objects (Kim and Teizer 2014; Su and Cai 2014) and moving objects such
as cranes (Lei et al. 2013; Tantisevi and Akinci 2007). This approach is easy to model, and
clashes among workspaces are easy to detect and analyze because the workspaces are
geometric elements (Wang et al. 2018b). The cell-based method is another approach for
generating workspaces that use grids and cells to represent space usage (EINimr et al. 2016;
Moon et al. 2014b; Park et al. 2011; Vahdatikhaki and Hammad 2015b; Wang et al. 2018b; Zhang
et al. 2007). This method is often used for the movability analysis of site objects. It, however,
involves intensive calculation because numerous cells are processed.

Integrated approaches to workspace management, focusing on productivity, started to
emerge in more recent years (between 2004 to date). Mallasi (2006) proposed a product-based
approach for workspace generation. This approach assigns an activity workspace based on its
approximation envelope (AE). The AE approach represents the workspace geometry by a 3D box
generated from a construction product, and it is usually larger than the original bounding box.
However, this method fails to consider the dynamic nature of construction activities, and the 3D
box is incapable of accurately representing all types of workspaces and does not apply to

congested sites.
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Hammad et al. (2007) developed a prototype system to generate workspaces and detect
spatio-temporal conflicts in a three-dimensional environment. Their method extended previous
research on equipment workspace analysis and represented equipment workspaces using
composite shapes. However, their prototype system did not take into consideration the scheduling
constraints and how it affects workspaces. Their research, therefore, lacked the analytical
robustness presented by 4D modelling. They also failed to show the implication of micro-level
scheduling short duration activities in their developed method. The use of 4D simulation to detect
spatiotemporal conflicts by linking the 3D BIM model with the schedule and construction space
requirements was proposed by Haque and Rahman (2009). Moon et al. (2009) proposed an
integrated approach for allocating workspaces using a semi-automatic method based on resource
requirements. The drawback to this approach stems from the fact that the workspaces are
allocated using a bounding box for each model object. In practice, however, planners tend to
identify the required workspaces not only based on model objects but also scheduled activities.
The developed approach lacked conflict resolution strategies and was based on AutoCAD rather
than BIM software.

Bargstadt and ElImahdi (2010) developed a method called ‘The Spatial Network’ integrated
with a simulation tool for allocating workspaces. Their methodology only considered workspace
requirements at a high level of detail. A constraint-based simulation was conducted to illustrate
the level of workspace occupation at regular intervals in a 2D colour-coded grid. However, their
approach did not include 4D visualization capability or conflict detection and resolution strategies.
Su (2013b) proposed generating workspaces by using the input-based and a product model-
based approach. He asserted that in the input-based approach, the workspace is generated
based on the level of detail of the user input, and the generated workspace is flexible and able to
meet different modelling requirements. In contrast, the product-based approach uses the product
model as the input and generates workspaces equivalent to the product geometries. However,
these approaches require extensive information from user input for large-scale projects and are
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not a true representative of the construction process. Semenov et al. (2014) modelled the
workspace dynamics using a Resource-Constrained Project Scheduling Problem (RCPSP)
approach to demonstrate and optimize workspace utilization in terms of workflow disturbance.
The objective was to provide activities with their required workspaces throughout their execution
period. However, their approach failed to consider the activity schedule and lacked schedule
conflict detection and resolution strategies. The approach also considered only the visualization
of activity conflict in 3D.

A lifecycle approach to the modelling and planning of construction workspaces, which
considers the evolution pattern of space requirements of activities, was proposed by Su and Cai
(2014). They developed an object-oriented structure of workspaces with both geometric and
temporal attributes. This research presents advances in terms of modelling various geometric
shapes of workspaces over time. Wu and Guo (2014) used space syntax in analyzing critical
workspace. The space syntax provides a set of techniques for analyzing spatial configurations
and encompasses a set of theories and tools for simulating the spatial structure of actual
scenarios and; the critical working space implies that there is no extra floating space; thus, any
conflict is expected to lead to a loss of productivity. However, this approach typically does not
consider the time aspect nor provides a strategy for conflict resolution.

The majority of the studies highlighted in this section focused on improving productivity on
project sites by identifying spaces necessary for safely executing construction activities and
assumed that resources for activity execution occupy their required workspace for the activity
duration. Vahdatikhaki and Hammad (2015a) claimed that despite the effectiveness of previous
studies in reducing spatio-temporal conflicts, they are not fully capable of averting safety risks as
they do not improve the safety in congested sites. To consider safety-related issues in workspace

planning, it is vital to consider the dynamic equipment workspaces (DEW).
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2.8.2.1. Dynamic Equipment Workspaces (DEW)

Dynamic equipment workspaces (DEW), alternatively termed “safety envelops” (Zolynski et al.
2014), considers the space around construction equipment required for safely executing an
activity. DEW is applied to equipment, as opposed to activities (Vahdatikhaki and Hammad
2015a) mainly for safety considerations on construction sites by adopting real-time technologies
such as vision-based tracking (Chi and Caldas 2011; Son et al. 2019; Teizer 2015; Yang et al.
2015), real-time location systems (Alshibani and Moselhi 2016; Carbonari et al. 2011; Chae and
Yoshida 2010; Teizer et al. 2010; Vahdatikhaki and Hammad 2014; Wu et al. 2013; Zolynski et
al. 2014), path planning (Bohacs et al. 2016; Hong and Ma 2017; Lei et al. 2014; Lin et al. 2014;
Song and Marks 2019; Wang et al. 2011; Zhang et al. 2009) and avoidance of overlap between
the workspaces of different activities of equipment based on construction equipment activity
recognition (Akhavian and Behzadan 2015; Rashid and Louis 2019).

Two general approaches can be found in the literature addressing the generation of DEW.
One approach is based on proximity measurements independent of the pose, state and speed of
the equipment, and therefore they over-conservatively reserve the space within the radius of the
equipment (Chae 2009; Cheng and Teizer 2013; Luo et al. 2014; Marks 2014; Marks and Teizer
2013; Pradhananga 2014; Talmaki and Kamat 2012; Teizer et al. 2010; Wu et al. 2013; Zolynski
et al. 2014) and the other approach is based on proximity measurement that is dependent on the
pose, state and speed of the equipment (Hukkeri 2012; Vahdatikhaki and Hammad 2015a; Wang
and Razavi 2015; Worrall and Nebot 2008; Zhang and Hammad 2011)

Another important consideration in the research on DEW lies in modelling their workspace
requirements due to their dynamism. Tantisevi and Akinci (2007) reveal that the continuous
movements of mobile cranes result in changes in the workspace requirements with time for any
given operation. According to Su (2013a), due to the different types of construction equipment
available, there are no standard rules to suggest that when using a specific piece of equipment,
a pre-determined space will be required. Without this information, a full spatial analysis of micro-
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level equipment spaces cannot be carried out. One way to counter this limitation is by utilizing
information available in crane databases (e.g. “Crane Information, Specifications and Charts
2018) or using the equipment database available in commercial 4D software, e.g. Fuzor by
(Kallotech 2017). Research on DEW has mainly focused on conflict/collision detection concerning
safety and productivity. There is a dearth of research on conflict resolution strategies for DEW
(with the exception of path planning and re-planning, e.g. Cai et al. 2016; Kayhani et al. 2018; Lei
et al. 2014; Wang et al. 2011; Zhang and Hammad 2011), and the integration of project schedule

in the generation and analysis of DEW.
2.7.3. Workspace Congestion Analysis

Workspace congestion analysis is an important aspect of workspace planning. Workspace
congestion occurs when the available workspace is either limited or smaller than the workspace
required. This can occur even when there are no temporal or physical conflicts. The demand and
supply of resources determine workspace congestion criticality for work execution (Chua et al.
2010; Dawood and Mallasi 2006; Winch and North 2006; Wu and Chiu 2010). Workspace
congestion can also be determined by space utilization. Table 2.10 shows the central studies that
developed equations for calculating workspace congestion. The space congestion equations
proposed by the various authors (Chavada et al. 2012b; Chua et al. 2010; Dawood and Mallasi
2006; Winch and North 2006) are similar and consider space congestion as a ratio of the required
space to available space. However, the work of (Semenov et al. 2014) extends the space
congestion problem by considering that the workspaces may not always be utilized throughout
the activity’s operation time. (i.e. the function v(w) represents the volume of the corresponding

workspace, the notation (w;, 1)) is used to emphasise that the workspace (w;) is associated with

the activity (n) and the related resource (k) only when the activity is performed).
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Table 2.10: Workspace congestion equations from previous research

North (2006)

s=£><100

Author Equation Definitions
f (co) is the criterion function for the
ratio of conflicting workspace volumes
The total volume of space needed
Dawood & _ XTotal volume of space needed represents the total volume of conflicts
Mallasi f (CO) - ZTotal volume of available space between 3D execution spaces of
(2006) activities. The total volume of space
available is the volume of all activity
execution spaces
Winch & Spatial loading (s) is the ratio of

required space (r) to available space

(a).

Chua et
(2010)

al.

Y Operator space

" Total boundary space

N

Spatial utilization (Us ) is the intensity
of a space imposed by an activity
Operator space is the amount of space
necessary for the operator to perform
an activity. Total boundary space
refers to the amount of space depicting
the activity space

Chavada
al. (2012)

et

Y'Required activity resources X Unit volume

CgS (%) =
95 (%) Available workspace volume for activity

Workspace congestion (CgS) is the
ratio between the volume for required
resources and the volume available for
activity execution

Semenov
al. (2014)

et

Uk Ak

— K T fe, <t<t,+d
U(Wi(n,k)) dn " " "

f=pn ()= {unk

Workspace congestion factor (w;q, ) ):
This is obtained when units consume
resources u,;, Wwith the corresponding
spatial rate v, and operational time
d,.x. Where the function v(w) is the
volume of the corresponding
workspace

Saeedfar
al. (2016)

et

Digp = ZQ X (Sp+ Ss)

Space demand for labour and
equipment (D, g g) is the product of the
number of resources (Q) and the sum
of the safety space (Ss)) and
performance space (Sp)

Shang

&

Shen (2016)

K
Mg¢ = ZlMSUK

Mgy is @ n x m matrix representing the
space usage of objects in the full
construction stage. “n” denotes the
number of space units, and m, the
number of time divisions on a
schedule. Mg, is the congestion matrix
that detects spatio-temporal collisions
between multiple objects using
identical space units at same time
divisions.
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2.7.4. Resolution of workspace conflicts

Workspace conflicts pose different challenges in a construction site, such as safety and
productivity issues. Therefore, resolving workspace conflicts is an important consideration in
construction planning. Workspace conflicts are closely related to space demands required to
execute an activity safely. Akinci et al. (2002c) revealed that workspace conflicts occur when the
space requirements for an activity interfere with one another or with work in place. According to
Staub-French and Khanzode (2007), two main types of spatio-temporal conflict exist (a) hard
conflict, interferences between physical components, and (b) soft conflict; interferences between
different clearance volumes and workspaces. Wu and Chiu (2010) proposed a 4D workspace
conflict detection and analysis system, providing a visualization environment to identify conflicts.
However, their work relied on third-party systems and did not consider any resolution strategy to
resolve the identified conflicts. Choi et al. (2014) suggested that to resolve workspace conflicts,
the project manager should consider the workspace's movability, the criticality of an activity, the
activity execution plan, and the material management plan. Moon et al. (2014c) added the process
of conflict resolution, building upon their previous study on workspace management. They
proposed using a genetic algorithm to minimize both spatial and temporal interferences
(interference occurs where two or more activities share adjacent workspaces) and a workspace
generation methodology based on an object and a surface-based workspace model using the 3D
bounding box concept linked with Work Breakdown Structure (WBS) to facilitate conflict
resolution.

Two broad strategies are identified in the literature for resolving workspace conflicts: (1)
using mathematical models/ algorithms that involve examining the logical sequence of activities,
decreasing the overlapping time between activities by reducing the duration of activities, changing
the level of activity resources or changing construction methods (Bansal 2011), and (2) rule-based

heuristics strategies that involve changing the direction of the workspace, modifying the location
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and size of the workspace, dividing the workspace into smaller components and delaying the start
date of activities based on their float time (Kassem et al. 2015). Related studies in workspace
conflict detection and resolution strategies are presented in Table 2.11. Some studies assumed
there were no schedule conflicts and, therefore, did not explicitly consider them (Hammad et al.
2007; Lai and Kang 2009). The resolution strategies proposed in such studies were focused on
resolving conflicts due to the interferences between physical components and their workspaces.
For ease of reference, the workspace definitions proposed in Table 2.9: Proposed workspace

definitions have been used in describing the type of space in consideration in Table 2.11.

Table 2.11: Related studies on workspace conflict and resolution

Conflict detection Conflict resolution approach

Author Type of Space  Schedule Workspace Mathematical Rule-based
Conflict Conflict models/ Algorithms heuristic

Song and Chua (2005) Path space N4 N4
Dawood and Mallasi (2006) Process ws v v
Hammad et al. (2007) Equipment ws N4 V4

Lai and Kang (2009) Equipment ws v v

and Product ws

Mallasi (2009) Process ws N4 v

Chua et al. (2010) Labour ws v v v

Bansal (2011) Process ws v N4 N4
Zhang and Hu (2011) v v v
Chavada et al. (2012b) Process ws v N4 v
Dang and Bargstadt (2013) Process ws v v

Choi et al. (2014) Process ws v N4 v
Kim and Teizer (2014) Equipment ws v v

Kim and Fischer (2014) Process ws v v

Lucko et al. (2014b) Process ws v N4
Moon et al. (2014a) Process ws v N4 v
Semenov et al. (2014) Process ws v N4 v

Su and Cai (2014) Process ws N4 v

Kassem et al. (2015) Process ws v N4 N4
Said and Lucko (2016) Process ws v v

Isaac et al. (2017) Path space v v

Mirzaei et al. (2018) Process ws N4 v

Getuli and Capone (2018) Object ws v v
Rohani et al. (2018) Process ws v N4 N4
Semenov et al. (2018) Process ws V4 v

Su and Cai (2018) Process ws v v

Wang et al. (2018a) Labour WS v v
Jin et al. (2019) Process WS N4 v
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2.7.5. Advanced Workspace Visualization Tools

Visualization technologies (e.g. BIM, 4D CAD, virtual prototyping, virtual reality and augmented
reality) play an important role in construction workspace management to facilitate the detection
and analysis of spatio-temporal clashes (Dodds and Johnson 2012; Patel 2015). Several research
works developed some advanced visualization tools for visualizing workspaces (Table 2.12).
The development of advanced visualization tools facilitates workspace planning and
conflict visualization. However, these tools are special-purpose tools, mainly for research
purposes and not commercially available. A summary of studies carried out on workspace
management and planning within the last decade relevant to this research work is shown in Table
2.13. A glance at the table shows that most of the reviewed studies were in the vertical
construction domain and utilized the 3D model for workspace generation and allocation; however,
the conflict visualization was performed based on the 4D model. Also, the type of space
considered in the reviewed studies have been “normalized” for ease of comparison based on the

workspace definitions proposed in this study.
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Table 2.12: Related studies on advanced visualization for construction workspaces

Author

Tool

Description

Dawood and

Mallasi (2006)

PECASO

PECASO (patterns execution and critical analysis of site
space organization). The tool utilized a structured query
language (SQL) to organize the product’s coordinates to
the required execution sequence and a layer in AutoCAD to
assign workspaces.

Winch and North AreaMan and

AreaMan is a 2D tool for calculating the areas of available

(2006) SpaceMan space, while SpaceMan facilitates the identification of
critical spaces and their relationship to the critical path. It
can also suggest ways of resolving conflicts in the process
of Space-Time brokerage.

Huang et al. DSS Dessault Systems Solutions (DSS) facilitated the 3D

(2007) visualization and animation of a construction plan. The tool
allowed project planners to rehearse and analyze the
activity sequence to ascertain the presence of conflict.

Kamat and C-COLLIDE This tool was developed to provide users with

Martinez (2007) comprehensive feedback on workspace conflict among
static (e.g. idle equipment), dynamic (e.g. active
equipment), and abstract (e.g. hazard or protected areas)
construction resources in dynamic 3D construction process
visualizations.

Borrmann et al. ForBAU The tool was developed as a virtual representation of the

(2009) construction site that formed the basis for simulating the
construction process to identify potential problems early

Lai and Kang VC-COLLIDE The tool identified static and dynamic conflicts by

(2009) rehearsing the sequence of construction activities to detect
spatio-temporal clash.

Zhou et al. “Computer supported  The developed tool supports enables construction planners

(2010) collaboration work” to review construction plans with a 4D simulation model.

(CSCW)

Bansal 92011)

Animation manager

The animation manager facilitated conflict resolution using
the Total Float (TF) adjusting activity space demand by
changing the locations of conflicting spaces or dividing the
originally assigned spaces into smaller parts.

Chavada et al. nD planning The prototype tool enables the management of AEW in
(2012b) real-time mode within a 5D environment.
Moon et al. Workspace conflict A visualization system that simulates the 4D object of
(2014a) visualization system workspace conflicts based on schedule data
(WoCoViS)
Moon et al. 4D workspace The system consists of a workspace generation module,
(2014b) conflict detector (4D-  workspace allocation module, workspace overlapping
WCD) analysis module and a 4D simulation module.
Moon et al. BIM-based schedule  This tool comprises five modules: CPM schedule
(2014c) workspace generation module, workspace information generation
optimization system module, schedule workspace interference analysis module,
(BIM-SWACOS) GA-based schedule workspace interference module, and
4D simulation module of workspace interference.
Su and Cai Graphical planning The developed tool is a workspace aware tool that
(2018) method (GPM) facilitates workspace planning and visualization by

incorporating workspace requirements into the modelling
process. It, however, lacks resolution strategies for
detected workspace conflict
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Table 2.13: Recent literature on workspace management in construction projects

WS WS genergtion Space Type(s) Confl!ct Conﬂic_:t . Cor?flict_ Arga qf
Author Classification & allocation Considered detection Resolution Visualization | Application
3D 4D SC WSC | MM/A | R-BH | 3D 4D VC | HC
Chua et al. (2010) v v Labor v v v v v
Wu and Chiu (2010) v v Process v v v v
Bansal (2011) v Process v v v v v
Zhang and Hu (2011) v Process v v v v v
Chavada et al. (2012b) v v Process v v v v v
Choi et al. (2014) v v Process v v v v v
Moon et al. (2014a) v Process v v v v v
Moon et al. (2014c) v Process v v v v
Kim and Fischer (2014) v Process v v v v
Semenov et al. (2014) v Process v v v v v
Su and Cai (2014) v Process v v v v
Kassem et al. (2015) v Process v v v v v
Zhang et al. (2015b) v v Process ws v v v v
Shang and Shen (2016) v Process v v v v
Mirzaei et al. (2018) v ngﬁcrt ?and v v v | v
g%t;;g) and Capone v Object ws v v v v
Rohani et al. (2018) v Process ws v v v v v
Semenov et al. (2018) v Process ws v v v v
Su and Cai (2018) v Process v v v v
Wang et al. (2018a) v Labor ws v v v v
Jin et al. (2019) v Process ws v v v v
Proposed approach v v Eq;:g?eesnst & v v v v v
Legends

WSC= Workspace conflict (Physical conflict, i.e. | SC= Schedule conflict R-B H= Rule-based heuristics
interferences between physical components of | WGA= Workspace congestion analysis VC= vertical construction
the workspace) MM/A= Mathematical models/Algorithms HC= Horizontal construction
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2.8. Construction Planning

The main aim of any project is to deliver the highest value to all stakeholders, including the end-
users, by reducing or eliminating wastes. The project must satisfy some basic requirements such
as time, cost, quality, and scope. Construction planning, therefore, involves multi-criteria decision
making, fundamental to the success or otherwise of a project. To address these decision
problems, a wide variety of methods, techniques and tools have been developed during the last
decades. Some of these methods, techniques and tools have been extensively reviewed in some
review papers (Antunes et al. 2015; Herroelen 2005; Herroelen and Leus 2004; Zhou et al. 2013).
Methods of project planning and scheduling have evolved over the years from the traditional
planning approach based on deterministic networks to more sophisticated approaches based on
probabilistic methods (Al Nasseri et al. 2016). De Falco and Falivene (2009) provided some
examples of traditional planning methods, which include the Gantt chart, Critical Path Method
(CPM), and Programme Evaluation and Review Techniques (PERT). They further asserted that
the simplifying hypothesis on which the traditional planning approaches are generally based has
often compromised the degree to which they reliably represent the real problem faced on
construction sites. In more recent times, over the last few decades, technological advancement
have witnessed the gradual introduction of more integrated computer-based methods capable of
handling potential uncertainties to produce more reliable schedules (Lee and Rojas 2010).
Project planning presents a variety of decision problems broadly classified into project
representation, project scheduling, resource allocation and risk analysis (Pellerin and Perrier
2019). Project scheduling is an integral part of the planning process and is typically understood
as a full process itself. Project scheduling is concerned with networking activities and the duration
associated with them to forecast the project's duration and avoid potential delays. In elevated
urban highway projects, project delays may be attributable to the prevalence of non-value adding

activities. Poor planning and unreliable schedule were revealed as essential factors responsible
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for promoting LC wastes in highway projects (Heyl, 2015; Nazech et al., 2008). Wodalski et al.
(2011) claimed that by examining the root causes of delays in highway projects, it was easy to
see how the choice of the selected planning and scheduling method contributed to the LC wastes.

Construction planning methods are broadly classed into bar charts, network-based
methods such as the CPM and Linear Scheduling Methods (LSM) such as the Line of Balance
(LOB). Although the CPM has been widely used for planning and scheduling, it has been
recognized as unsuitable for repetitive construction projects such as highways (Sharma and
Bansal 2018; Zhang 2015) and does not ensure resource continuity nor considers spatial
requirements. LSM was developed to counter the limitation of the CPM in scheduling repetitive
activities typified in highway projects. However, Zhang (2015) reveals that the LSM ignores
workers' learning effect by assuming crew productivity is unchanged and cannot accommodate
non-typical and non-repetitive activities. Sharma and Bansal (2018) compared network-based
methods and linear scheduling methods; however, they asserted that LSM is not popular among
project planners as the method has been focused on concept development rather than actual
implementation. A critical consequence of poor planning and scheduling, especially in elevated
urban highway projects, is manifested in the form of spatio-temporal issues. It, therefore, becomes
essential to adopt a formalized method in selecting the scheduling technique to adopt. Selecting
the specific type of schedule to be used is a multi-criteria decision-making problem as there are

different factors to consider to ensure that the selected method matches the project requirement.
2.8.1. Multi-Criteria Decision-Making Methods (MCDM)

MCDM methods cover a wide range of quite distinct approaches (Zavadskas et al., 2014).
According to Lgken (2007), the available methods can be categorized into three areas: value
measurement models (e.g. Weighted Sum Model, Analytical Hierarchical Process), goal,
aspiration and reference level models (e.g. TOPSIS) and Outranking models (e.g. ELECTRE,

PROMETHEE). Arroyo (2014) added a new category, which is Choosing by Advantage (CBA),
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developed by Jim Suhr (Suhr 1999). The basic principle of all MCDM methods is to generate or
formulate a decision table/ hierarchy, and this is achieved through a systematic method (Bhushan
and Rai, 2007; Dodgson et al.,, 2009; Srinivasa and Kuma, 2014) that involves defining the
problem and establishing the decision context, identifying the decision options, determining the
requirements and establishing the alternatives, criteria and sub-criteria and developing the
evaluation criteria.

A large number of works have been conducted which facilitates the evaluation of the
characteristics of different MCDM methods (Albifiana and Vila 2012; Antucheviciene et al. 2011,
2012; BalezZentis et al. 2012; Kou et al. 2012; Peng et al. 2011; Stanujkic et al. 2012), their
development, applications and ability to help solve practical problems. There is, however, no
unique and well-defined methodology that decision makers could follow step-by-step from the
beginning to the end of a decision-making process (Zavadskas et al. (2014). More recently, one
or more MCDM techniques (hybrid method) have been applied in the construction management
domain to make the decision-making process more robust (Erdogan et al. 2017; Temiz and Calis
2017). Zavadskas et al. (2016) claim that hybrid MCDM involves various combinations of several
decision-making methods and accounts for about 11% of the total papers on developments and
applications of MCDM techniques within the past decade. They further reveal that the most
popular methodological hybrid MCDM approaches are combinations of MCDM with strong
mathematical background, e.g. Analytical Network Process (ANP) or Analytical Hierarchical
Process (AHP) with other methods. Two MCDM methods will be briefly highlighted in the following

sections.

2.8.1.1. Analytical Hierarchical Process (AHP)

The AHP is a decision-making strategy used to compare alternatives on given criteria based on
assigning priority weightings to the alternatives (Saaty and Roseanna 1987) and has been
extensively applied in research to solve decision-making problems construction management
domain (Balubaid and Alamoudi 2015; Erdogan et al. 2017). The major characteristics of the AHP
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are the use of pair-wise comparisons to compare the alternatives concerning the various criteria
and to estimate criteria weighs based on expert judgement (Laken 2007). It is the most widely
applied MCDM method in construction management (Darko et al. 2018; Jato-Espino et al. 2014;
Mardani et al. 2015) due to its systematic and straightforward implementation steps (Al-Harbi
2001; Dobi et al. 2010; Fong and Choi 2000). There are various justifications for using the AHP
in construction management, and the extant literature on the application of AHP reveals three
main justifications for applying this method. The AHP does not require a statistically significant
large sample size to achieve sound and statistically robust results since it is based on expert
judgement (Abudayyeh et al. 2007; Tavares et al. 2008). Some studies used sample sizes ranging
from four to nine (Akadiri et al. 2013; Chou et al. 2013; Hyun et al. 2008; Lam et al. 2008; Pan
2008; Pan et al. 2012; Zhang and Zou 2007; Zou and Li 2010). Only a few studies used sample
sizes greater than 30 (Ali and Al Nsairat 2009; EI-Sayegh 2009).

Darko et al. (2018) revealed that the AHP consists of three steps: (1) hierarchy
formulation- the first level of the hierarchy contains the decision goal, while the subsequent levels
represent the breakdown of the decision criteria, sub-criteria and alternatives for reaching the
decision goal; (2) pairwise comparison between criteria at the second level of the hierarchy; and
verification of consistency using a Consistency Ratio (CR). AHP has been proved to reduce bias
and ensure subjective judgments that are validated using consistency analysis. It can use both
subjective and objective data for proper decision making, and this capability makes it essential
for construction-related decision making (Abudayyeh et al. 2007; Hsu et al. 2008). The procedure
required for the AHP as proposed by Saaty (1980, 1987) includes the following steps:

1) Pairwise comparison is determined for each level of the AHP by constructing a matrix for

the pairwise elements using a table of relative scores (Table 2.14).

2) The values in each column of the pairwise matrix are summed; after that, each element

of the matrix is divided by its column total to generate a normalized pairwise matrix.
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3) When all the normalized pairwise comparisons are made, the relative priority vectors, also

known as the criteria weights w, are calculated by finding the row averages.

4) The consistency of comparison is determined by using the eigenvalue (Amax) to calculate
the consistency index (Cl), [Cl= (Amax-n)/(n-1)] where n is the number of criteria. The
consistency ratio (CR) is then calculated by dividing the CI by the appropriate value of

the random index (RI) (Table 2.15). A perfectly consistent decision-maker should always
obtain CI = 0, but small values of inconsistency may be tolerated if % <0.1.

5) If CR does not exceed 0.10, it is acceptable, but if it does, the judgment matrix is

inconsistent and should be reviewed and improved.

However, the AHP can be subject to inconsistent judgement and criteria ranking and has
often been criticized for its inability to handle uncertain and imprecise decision-making problems.

Table 2.14: Table of relative scores
Value of ajx Interpretation

j is extremely more important than k

J is strongly more important than k

J is more important than k

Jis slightly more important than k

=2 IN|W|h OO (N |©

Jis equally important as k

Table 2.15: Random Index (RI)
Size of matrix (n) 112 3 4 5 6 7 8 9 10
Random consistency 0 |0 |]0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

2.8.1.2. Choosing by Advantage

The CBA is a collaborative MCDM method developed by Suhr (1999) that helps project
stakeholders reach a consensus regarding preferred alternatives. It is based on differentiating the
alternatives by summarizing their advantages and introducing the subjective part of the decision

at the end of the process by weighing the importance of the advantage (Arroyo et al. 2014). This
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technique has been applied in MCDM problems in the construction industry involving contractor

selection (Demirkesen and Bayhan 2019; Karakhan et al. 2018), safety planning (Karakhan et al.

2016; Nnaji et al. 2018; Zuluaga et al. 2018), choice of building design (Arroyo et al. 2015, 20163;

b; Kpamma et al. 2016; Parrish and Tommelein 2009), construction method (Martinez et al. 2016;

Murguia and Brioso 2017), and type of contract (Haapasalo et al. 2015; Schéttle and Arroyo

2016). CBA is more transparent and presents several benefits than traditional MCDM methods

(Arroyo 2014) and has been shown to reduce group decision time and stakeholders' frustration

compared to the weighted sum method (Arroyo et al. 2016a). Table 2.16 presents a glossary of

terms relevant to the CBA method (Suhr 1999).

Table 2.16: CBA definitions (Suhr 1999)

Term Definition

Alternatives Options to be considered by the method. At least two alternatives are required for a
decision to be necessary.

Factor A property of an alternative that is material to the decision. Factors can be social or
environmental but do not include the cost

Criterion The “Want” criterion defines a specific value or set of values that are preferred for a
factor. “Must have” criterion specifies values that a factor must have for that alternative
to be considered feasible.

Attribute Quality or characteristics belonging to one alternative.

Advantage Difference between two alternatives when their attributes are compared

In implementing the CBA method, the following steps are followed (Arroyo et al. 2015):

(1) Identify the alternatives for consideration in the decision process.

(2) Define the factors that will help differentiate among alternatives.

(3) Define the must and want criteria for each factor.

(4) Summarize the attributes of each alternative.

(5) Decide the advantages of each alternative.

(6) Decide the importance of each advantage (IofA). The lofA corresponds to a value that is

given for each factor for each alternative. The sum of the lofA for all factors represents the

total importance of that alternative to the decision maker.

68|Page



Chapter 2: Literature Review

2.9. Micro-Level Space Planning

Micro-level space is the area required within the proximity of the component being installed. This
space also includes the construction component/product being installed and the labour and
equipment required (Akinci et al. 2002). Different methods have been proposed for micro-level
space planning. A prototype system for assessing micro-level spatial constraints exiting within
the construction schedule was proposed (Thabet et al. 1992). This approach proposed the use of
scheduling in two stages, resource-based scheduling and space-based scheduling. During the
space-based scheduling methodology, the demand for space required during the activity
execution was compared against the space availability for selected work areas. Riley (1994) built
on this approach to develop a construction space model to describe the construction space
needed to execute a task. The construction space model was expanded to include the definition
of various space behaviour patterns, which described how labour resources used space over time
(Riley and Sanvido 1997). Akinci and Fischer (2000) developed a mechanism for capturing micro-
level activity space requirements at a general level through space templates related to
construction models, while Mallasi and Dawood (2001) attempted to model the dynamic nature of
construction operations using the space breakdown structure (SBS) that allowed the visualization
of discrete work execution patterns for various tasks in a modelling environment.

A more dynamic micro-level workspace by integrating a scheduling tool with a CAD tool
to enable a construction planner to develop spatial layouts of the construction site was developed
(Guo 2002). This system could identify spatial conflicts as well as the severity of the conflict.
Space conflicts were measured based on the degree of overlap of the space and duration of the
overlap. Once a space conflict was identified, the system employed a strategy of either amending
the space demand of the activity or adjusting the schedule. Akinci et al. (2002) proposed the idea
of including workspace planning and representation in 4D simulations to detect and analyze,

categorize and prioritize potential time-space conflict, North and Winch (2002) suggested the use
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of Critical Space Analysis (CSA) as a means of determining the amount of conflict existing
between workspaces where the amount of space needed by resources executing a task is
compared to the amount of space available to complete the task. Conflict resolution was by either
adjusting the schedule or changing the space demand. Choi et al. (2014) proposed a framework
for micro-level space planning that considers each activity's spatial feature. The framework
consisted of five phases, including the 4D model generation, workspace requirements
identification, workspace occupation representation, workspace conflict identification and
resolution.

Other research efforts, mainly in the domain of vertical construction, have been carried
out in the domain of space planning, but they have mostly been focused on macro-level space
planning and have advocated the use of space templates to represent the dimensional properties
of space objects. A significant limitation of this approach lies in its inability to represent the
dynamic nature of the workspace required during task execution. Planning micro-level space is
challenging to achieve due to its dynamic nature and becomes increasingly so with short-duration

activities.
2.9.1. Equipment Space Planning

The space required by construction equipment is primarily dependent on the construction method
being used, the type of equipment selected, and the nature of the activity to be carried out.
According to Tantisevi and Akinci (2007), a significant challenge in modelling workspace
requirements of cranes stems from the dynamic operation of crane operation. Although cranes
are typically located at fixed places, some parts, such as their booms and hooks, move during
operation. These movements result in changes in the workspace requirements of cranes over
time during a given operation. For example, the location and shape of the lift of a crane will define
the required lifting zone (Figure 2.12 adapted from Kobelco 2011) that should be covered by

changing the length and angle of the boom of the crane.
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Figure 2.12: Working ranges and lifting capacities of a 120T crawler crane (adapted from Kobelco 2011)

Hammad et al. (2007) revealed that spatial constraints might limit the crane boom's length
and angle in some rehabilitation projects. These constraints impose a specific construction
method, such as using two cooperative telescopic cranes instead of one larger straddle crane.
They further revealed that the complex relationships between the lifting capacity of a crane and
its dimensions make it important to carefully consider the workspaces used in the spatial analysis
of projects requiring cranes. Cranes are one of the essential pieces of equipment on sites, must
be selected based on their respective life-capacity charts typically produced by crane
manufacturers as a guide only. The selection of the appropriate equipment facilitates the planning
of the required workspace. The equipment workspace for most activities follows specific evolution
patterns. The concept of workspace evolution patterns is to ascertain the characteristics of
construction activity with its space usage. These patterns depend on the construction method,

nature of the task being performed and the planning Level of Development (LOD). The nature of
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the task being performed by the equipment is a function of the overall space, which also includes
the physical and hazard space. For instance, the space required for the installation of a precast

bridge deck is illustrated as:

Workspace = Productspqc. + Equipmentspqc. + Operation gpace + Facilitiesgyqce

The product space includes the bridge component for installation, the operation space
includes the space for the installation or deconstruction activity, labour space, lay down space,
the equipment space includes the path space, equipment workspace, safety/hazard space, while
the facilities space includes the space for site facilities. The primary consideration of this research
is planning equipment workspace for different activities (especially activities on the critical path),

and the activity workspace evolution pattern can be represented as:

Activity workspace = Objectspace + Equipmentsygce

Su (2013) revealed that due to the different types of construction equipment available,
there are no standard rules to suggest that when using a specific piece of plant, a pre-determined
space will be required. Without this information, a full spatial analysis of micro-level equipment
spaces cannot be carried out. One way to counter this limitation is by utilizing information
available in crane databases (e.g. D-Crane) or use the equipment database available in

commercial 4D software.
2.9.2. Level of Development (LOD) Approach for Equipment Space Planning

A Building Information Model (BIM) has different dimensions with specific purposes such as the
3D model, used to represent geometries of model elements (e.g. doors, columns, beams) 4D

model, related to planning by adding the time element to show how the project evolves with time,
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5D model, related to the cost aspects of the projects for cost estimation, analysis and budget
monitoring, 6D model, related to sustainability by analyzing the energy consumption of a building
for and energy efficiency, and the 7D model containing detailed operations and facility
management information. Boton et al. (2015) claimed that the term Level of Development (LOD)
is widely used in the BIM approach to show that detailing should comprise geometric and non-
graphical information. The BIM Acceleration Committee (2016) revealed that the basis for the
concept of LOD is the recognition that model elements evolve at different rates throughout the
design process. It follows that LOD should only be used to describe model elements, not models
as a whole. Different design disciplines and project organizations require different information to
be available at project milestones.

For this reason, several organizations have introduced further terms such as Level of
Detail (graphic oriented), Level of Information (non-graphic oriented), Level of Accuracy
(tolerance-oriented), and Level of Coordination (collaboration oriented)(BIM Acceleration
Committee 2016). As the range of options for specifying LOD requirements increases, so does
the complexity of defining requirements, and the challenge is to achieve actual added project
value using such approaches (Hooper 2015). According to Treldal et al. (2016), the concept of
LOD allows for a simple approach for specifying the requirements for the content of object-
oriented models in a BIM process. LOD is sometimes referred to or interpreted as Level of Detail
rather than Level of Development. There are important differences. Level of Detail is a measure
of the amount of information provided. Because it is only a measure of quantity, the underlying
assumption is that all provided information is relevant to the project and can be relied upon with
certainty. Level of Development is the degree to which the element’'s geometry and attached
information have been thought through — the degree to which project team members may rely on
the information when using the model. Level of Detail can be thought of as an input to the element,

while the Level of Development is reliable output (BIM Acceleration Committee 2016).
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Kensek (2014) claimed that the subject of LOD had received attention from researchers
and practitioners in the BIM domain, including the American Institute of Architects (AlA). They
developed AIA E202, a document that provides guiding principles about the BIM model and the
LOD relationship with the proposed use of the model at every project stage. The LOD
requirements for the different dimensions of the BIM model need to be adequately defined to
ensure a common understanding of the requirements for successful project delivery, especially in
4D models that define the linkage of the construction schedule with the 3D model and show how
the project evolves with time. Planning the micro-level space requirement for heavy equipment
requires a more detailed approach as it focuses on the interaction of the construction schedule
with the 3D model (Akinci et al. 2002) and simulation (Heesom 2004; Mallasi 2006; Winch and
North 2006; Wu and Chiu 2010). Therefore, it is required that both the 3D model and the schedule
are at a sufficient LOD to ensure that the simulation is realistic. Adopting the LOD approach for
equipment workspace entails matching the schedule LOD with the process model and
construction method for the construction activity to arrive at a product model at a high LOD to
facilitate the planning, visualization and representation of equipment workspace. The LOD
specification in 4D models should, therefore, be able to manage both the graphical level of details
and the temporal level of information (Heesom and Mahdjoubi 2004) and must be such that it
can facilitate effective construction processes (Guevremont & Hammad 2019).

The graphical LOD includes LOD 100-concept design, LOD 200-schematic design, LOD
300-detailed design, LOD 350-construction document, and LOD 400-fabrication and assembly
(BIMFORUM 2019), while the temporal LOD is defined by the construction schedule LOD.
Stephenson et al. (2010) defined five LOD’s of the construction schedule, and Ballard and Howell
(2003) defined four schedules LOD. Regardless of the schedule, LOD defined, the schedule LOD
needs to match the 3D LOD to ensure a more realistic 4D simulation. This is particularly important
since a 4D simulation should be continually used, evaluated and refined as the project progresses
(Umar et al. 2015), since the real contribution of 4D simulation is in the visual interest it offers to
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professionals to visualize spatial aspects of the construction process (Heesom and Mahdjoubi
2004). Butkovic et al. (2019) claimed that 4D-LOD needs to be defined to provide more dynamic
4D simulations. Guevremont & Hammad (2019) proposed five 4D-LOD (LOD A: demonstrative/
summary, LOD B: major work coordination and feasibility, LOD C; contractual baseline at the time
of bid, LOD D: operational fieldwork, and LOD E: Detailed equipment movements and
workspaces) for major capital construction projects.

In urban highway projects requiring heavy construction equipment, it becomes crucial to
adopt the LOD approach to facilitate the planning, visualization and representation of equipment
workspace to avoid unnecessary project delays to spatio-temporal conflicts. Adopting the LOD
approach for equipment workspace entails matching the schedule LOD, the process model, and
the construction method for the construction activity to arrive at a high LOD product model. The
4D-LOD proposed by (Guevremont and Hammad 2019) is adapted for this study; Figure 2.13
shows an example of the different stages of the LPS, the product model, the process models and

the resultant 4D-LOD used in this study.
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Figure 2.13: LOD approach for equipment workspace planning

2.10. Summary

This chapter provided an overview of LC techniques and tools and how they can be applied to
infrastructure projects. A critical criterion for extending lean construction to infrastructure projects

is integrating it with technology such as BIM, but this is not without challenges. The integration of
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lean and BIM in infrastructure highway projects to enhance value and reduce waste is an
emerging area of research expected to enhance construction projects' successful delivery in this
domain.

One area where LC tools and techniques can help improve the productivity of
infrastructure projects is in micro-level space equipment workspace planning for short duration
activities. Commitment planning is an essential aspect of micro-level space planning due to the
high Level of Detail (LOD) required to succeed. Moreover, the requirements for a short duration
schedule in large and complex projects in the urban area present a whole new challenge in
designing the workspace. A significant limitation in existing research in this area is their inability
to consider the dynamic nature of equipment workspace requirements. The detection of spatio-
temporal conflicts between equipment workspace and product space in infrastructure projects
have received relatively little attention. Recently, some research efforts have focused on using
4D simulations to detect time-space conflicts, but these efforts have failed to account for the
dynamic nature of equipment workspace subject to micro-scheduling. Another problem existing
research has failed to address the level of detail (LOD) required in a 4D model for workspace
planning. This is an important consideration to ensure that the model adheres to what is
obtainable in real-life construction projects. However, one crucial consideration in determining the
LOD of 4D models is ensuring the 3D model has been developed enough to match the LOD of

the schedule.
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CHAPTER 3 : OVERVIEW OF PROPOSED RESEARCH METHOD

The previous chapter provided a review of LC, criteria for LC and the tools and techniques
required to apply to highway projects. Wastes associated with LC were also elucidated. The
importance of 4D models in construction was highlighted and challenges faced in the dynamic
space planning, and the inability of current research to dynamically model equipment workspace
requirements for short-duration activities. The focus of this chapter is to present an overview of
the proposed research method (Figure 3.1) aimed at (1) prioritizing the main contributory factors
promoting lean wastes using a multi-criteria decision-making approach to highlight the need for
more effective planning, (2) develop an approach for equipment space planning by focusing on
micro-scheduling using the last planner and 4D simulation (3) specify the LOD requirement for
equipment space planning, and (4) develop a framework for integrating the LPS and 4D modelling

for micro-scheduling of heavy construction equipment.
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Figure 3.1: Overview of research methodology

3.1. Categorization and Prioritization of LC Wastes

Two of the research objectives (objectives 3 and 4) were realized starting from a theoretical
approach; this formed the basis of ranking the LC wastes based on their degree of influence on
the TFV process. After that, the factors responsible for promoting LC wastes in urban highway

projects were categorized based on the TFV and priority weights assigned. A means of reducing
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the highest-ranked waste in the transformation phase using a multi-criteria decision-making
technique. The categorization of the factors promoting LC wastes broken down in a hierarchical
format facilitates applying a hybrid MCDM approach by applying the Analytical Hierarchical
Process (AHP) and the Choosing by Advantage (CBA). The goal of the AHP in this research is
to obtain priority weights for factors promoting LC wastes. After that, CBA was applied to select
the best alternative to reduce one of the identified factors promoting LC wastes and elucidate its

implication for elevated urban highway projects. This component is presented in Chapter 4.

3.2. Process-Based Approach for Equipment Space Planning

The development of a construction model integrating the product model and workspace
requirements and considers the dynamic representation of equipment workspaces is an essential
consideration for elevated highway construction projects. For a formalized equipment workspace
planning process, creating the 4D model, workspace requirements identification, workspace
occupation representation and workspace conflict resolution are important considerations.

The approach for developing a 4D model for equipment workspace planning, generation
and representation in elevated urban highway projects comprises three distinct components: (i)
micro-scheduling using the LPS, (ii) construction space planning using the PBS and LOD
approach, and (iii) 4D simulation of activity workspace. These components will help create a
framework highlighting the steps and requirements for creating a detailed 4D model with different
LODs for equipment workspace planning. Process modelling was applied to facilitate the
formalization of the framework. Process modelling is used to construct a formal representation of
a process (Pawlewski and Hoffa 2014). Among the various exiting languages for process
modelling, Pereira and Silva (2016) claim that the business process model and notation (BPMN),
event-driven process chain (EPC), unified modelling language activity diagrams (UML-AC),
integration definition (IDEF), and role activity diagram (RAD) are the most common commonly

used. A process model using the Integration Definition for Process Modelling (IDEF0) modelling
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methodology is applied. It provides a means for modelling the functions (activities, actions,
processes, operations) required by a system and the functional relationships and data supporting
the integration of those functions (Dorador and Young 2000). This technique helps define the
strategies to follow to facilitate a system's improvement by describing the information flow
necessary to support each activity. It has been widely used in the research community due to its
flexibility and clarity for modelling activities and information flows. The generic representation of
the IDEFO diagram, as proposed by Dorador and Young (2000), is shown in Figure 3.2. To plan
the activity workspace for construction equipment, a context diagram (Figure 3.3) was created
highlighting the process required to accomplish this.

Control

Input ——— FUNCTION NAME |— Output

Mechanism

Figure 3.2: Representation of IDEFO

Construction Workspace
Methods PBS Required

3D Model ™™ ACTIVITY WORKSPACE |—» Dynamic 4D Model

Schedule ——» A0
Construction Last 4D
Planner Planner Software

Figure 3.3: IDEFO context diagram for equipment workspace planning
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To facilitate workspace planning for this study, the construction method, the PBS of the
3D model and the workspace are required based on the selected construction method, and the
product model would serve as the control to regulate the simulation. The contest diagram (Figure
3.3) will be decomposed into the following processes and subprocesses in Chapter 5 :

(i) Formalizing the PBS

o C(Classification of the product group
(ii) Scheduling construction activities

e Create tasks for the product group
(iii) Planning the activity workspace requirements using the LPS

e Select product group

o Create a lookahead plan

o Update tasks and dependencies
(iv) Visualizing the equipment workspace

¢ (Generate equipment workspace

e Spatio-temporal analysis

o 4D visualization of activity workspace

3.3. Summary

This chapter presented an overview of the proposed methodology for integrating the LPS and
detailed 4D modelling for equipment workspace planning in elevated urban highway
reconstruction projects. Two main components were identified as being relevant to realizing the
proposed methodology: (1) categorizing and prioritizing LC wastes to highlight the need for better
planning, and (2) developing an approach for equipment workspace planning using the IDEFO
modelling approach to elucidate the inputs, processes and outputs required to facilitate planning
equipment workspaces. The following chapters will focus on expatiating the research

methodology.
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CHAPTER 4 : RANKING AND CATEGORIZATION OF LEAN
CONSTRUCTION WASTES

The prevalence of wastes in the construction sector has been touted as one of the major causes

of low productivity. However, research efforts in this area have mainly been focused on

Construction and Demolition Waste (CDW). Two of the research objectives will be addressed in

this chapter.

» Rank the LC wastes based on their influence on the transformation, flow and value processes
in construction.

» Categorize and rank the factors that promote LC wastes in urban highway projects based on
the TFV model and propose a two-step multi-criteria decision-making method to formalize
project scheduling techniques in elevated urban highway projects.

The methodology flowchart to achieve these objectives is shown in Figure 4.1.
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Figure 4.1: Sub-Research Method

4.2. Ranking the LC Wastes Based on the TFV

There are different categories of LC wastes (See section 2.3.1. Lean Construction Wastes which
generally impact construction projects' performance. However, the influence of these wastes have
typically been viewed from a project perspective, and this does not indicate how these wastes
affect the three main phases (transformation, flow and value) of a project based on the LC
paradigm. Understanding the degree of influence of the LC wastes on the TFV process of

construction is imperative to understand better how to reduce them. The following sections
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present the process of an empirical study to ascertain how the LC wastes affect construction

projects based on the TFV.
4.2.1. Data Collection and Analysis

A structured questionnaire was designed to ascertain how the most common LC wastes affect
the transformation, flow and value processes of construction. The questionnaire was divided into
two sections and had 33 questions in total. The first section aimed at obtaining information from
the respondents regarding their level of education, number of years of work experience,
organization type, size and area of specialization. Section 2 addressed the level of influence of
each LC waste on the TFV process using ordinal scales. The ordinal scale utilizes integers in
ascending or descending order as a basis for ranking. The integers do not indicate that the
intervals between scales are equal, nor do they indicate absolute quantities. They are merely
numerical labels (Naoum, 2012). A 5-point Likert scale was utilized with values: 1 for “not
important,” 2 for “slightly important,” 3 for “moderately important,” 4 for “very important” and 5 for
“extremely important.” The respondents were asked to give opinions on each LC waste and the
process (Transformation, flow or value) where they exert the most significant influence based on
their experience.

Data was collected over four months using purposive sampling technique. This involved
identifying and selecting individuals or groups knowledgeable about or experienced with the topic
of interest. A total of 109 questionnaires were circulated, and 60 valid responses representing a
response rate of 55% was used for the analysis. To ascertain the data's internal reliability,
Cronbach’s alpha coefficient (a) was computed using Equation 1 (Cronbach 1951). Tables 4.1
and 4.2 show the survey respondents' profiles and the interpretation of the internal reliability

results.

k ?:10331'
a:k—1<1_ o2 @)

where: k refers to the number of scale items
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0§i refers to the variance associated with item i

o2 refers to the variance associated with the observed total score

Table 4.1: Respondents profile and distribution

Category Description Frequency | %
Number of years of experience | 60 100
More than 10 13 22%
6-10 years 18 30%
3- 5 years 29 48%
Level of education 60 100

Clustering of individuals Ph.D. 13 22%
Masters 15 25%
Bachelors 26 43%
Diploma 6 10%
Job position 60 100
Project Management 12 20%
Site Engineer 28 47%
Team Leader/Foremen 20 33%
Size of organization 60 100
Large (More than 200 employees) | 24 40%
Medium (50-200 employees) 15 25%

Clustering of organizations | Small (Less than 50 employees) 21 35%
Type of project 60 100
Buildings 32 53%
Roads and Bridges 24 40%
Other Civil Projects 4 7%

Table 4.2: Cronbach internal consistency benchmark ((DeVellis 2016)

Cronbach’s alpha | Internal consistency
09<a Excellent
0.8<a<0.9 Good

0.7=a<0.8 Acceptable
06=<a<0.7 Questionable
0.5a<0.6 Poor

a<05 Unacceptable

The reliability analysis obtained using @ was 0.8, showing that the collected data is
consistent. The sample was, therefore, considered suitable for further statistical analysis.
4.2.1.1. Approach to Data Analysis
The approach to the data analysis involved the Relative Importance Index (RIl) to rank the LC
wastes based on their perceived degree of influence on the three main processes in construction
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(transformation, flow and value) and the one way ANOVA to compare the means of two or more
samples using hypothesis testing.

The RIl has been used extensively in construction management research (Bekr 2014;
Enshassi et al. 2017; lkau et al. 2016) and is computed using Equation 2:

>w

RIl = == 2)

where: w represents the importance given to each factor by the respondents,

A refers to the highest weight (i.e. 5)

N represents the total number of respondents (60).

The one-way ANOVA is used to compare the means of two or more samples and tests
the hypothesis that samples in all groups are drawn from populations with the same mean (Chan
et al. 2017). The hypothesis for the one way ANOVA are:

e The null hypothesis (Ho): there is no difference between the groups and equality between
means.
e The alternative hypothesis (Ha): there is a difference between the means and groups.

A 95% confidence level and a significance level of 5% was adopted for the analysis. The
calculated probability (p-value) is the probability of finding the observed results when the null
hypothesis is correct. The null hypothesis implies that the compared samples' means are
statistically equal, and this will be rejected if the p-value is lower than 5% (0.05).
4.2.1.2. Results
Table 4.3 shows the respondents' perception of how the different categories of LC wastes affect
the “Transformation” aspect of construction projects. Making-Do was adjudged as the most
crucial non-physical waste during the transformation process of construction, followed closely by
Non-Utilized talent. From Table 4.4, it is observed that “Waiting” and “Transportation” are the two

most essential aspects in the “Flow” aspect of construction, and Table 4.5 shows that
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“Overproduction” is the most crucial waste category affecting the “Value” aspect of construction.

Figure 4.2 shows the graphical summary of the LC wastes on the TFV process.

Table 4.3: RIl of LC waste based on the ‘Transformation” aspect of construction

LC Waste Degree of impact on the Weighted
Transformation aspect of construction Total Rl Rank
projects
5 4 3 2 1
Making-Do 16 18 18 8 0 222 0.74 1
Non-Utilized Talent 18 14 14 14 0 216 0.72 2
Defect/Rework 14 18 16 12 0 214 0.71 3
Extra-Processing 10 14 16 16 4 190 0.63 4
Overproduction 6 14 14 16 10 170 0.57 5
Waiting 0 16 20 16 8 164 0.55 6
Transportation 0 14 16 16 14 150 0.50 7
Inventory 0 6 18 20 16 134 0.45 8
Motion 0 10 12 18 20 132 0.44 9
Table 4.4: RIl of LC waste based on the ‘Flow” aspect of construction
LC Waste Degree of impact on the Flow aspect of Weighted
construction projects Total Rl Rank
5 4 3 2 1
Waiting 16 18 18 8 0 222 0.74 1
Transportation 18 16 14 12 0 220 0.73 2
Making-Do 14 13 19 14 0 207 0.69 3
Motion 12 16 18 14 0 206 0.69 3
Extra-Processing 0 16 16 18 10 158 0.53 5
Inventory 0 16 16 16 12 156 0.52 6
Overproduction 0 10 20 20 10 150 0.50 7
Defect/Rework 0 14 16 14 16 148 0.49 8
Non-Utilized Talent 0 6 16 18 20 128 0.43 9
Table 4.5: RIl of LC waste based on the ‘Value” aspect of construction
LC Waste Degree of impact on the Value aspect Weighted
of construction projects Total Rl  Rank
5 4 3 2 1
Overproduction 36 24 0 0 0 276 0.92 1
Inventory 24 30 6 0 0 258 0.86 2
Non-Utilized Talent 4 20 20 16 0 192 0.64 3
Extra-Processing 0 24 20 16 0 188 0.63 4
Motion 10 14 16 12 8 186 0.62 5
Defect/Rework 10 12 14 10 14 174 0.58 6
Transportation 0 18 16 8 18 154 0.51 7
Waiting 0 4 20 24 12 136 0.45 8
Making-Do 0 4 16 22 18 126 0.42 9
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Figure 4.2: TFV based visualization of LC wastes based on the RII

To perform the ANOVA single factor test, the respondents were split into four sample
categories (No of years of experience, level of education, size of organization and type of project).
These four categories were selected because they provide necessary personal information about
the respondents and their organization. The results (Table 4.6) show no significant differences in
the mean of the different sample categories because their p-values are more significant than 0.05.
However, in terms of the number of years of work experience, the respondents have different
perceptions for two items: wastes due to overproduction (LW-F11) and wastes due to extra-
processing (LW-F18) in the flow phase with p-values of 0.0109 and 0.0197, respectively. Similarly,
in terms of the organization's size, waste due to overproduction in the flow phase (LW-F11) has
a p-value of 0.0417 was perceived differently by the respondents. Based on the type of project,
there were different perceptions by the respondents on waste due to overproduction in the
transformation phase (LW-T2) with a p-value of 0.0320. Hence, the null hypothesis (Ho) is

rejected in favour of the alternative hypothesis (Ha). These results provide insight that the
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respondents’ perception related to LW-F11, LW-F18 and LW-T2 are affected by their number of
years of experience, size of the organization and project type.

The results show that the LC wastes have different degrees of influence on the TFV
process. The highest-ranked wastes in the transformation aspect of construction were found to
be “Making-Do,” “Waiting” has more impact on the flow aspect of construction, while
“Overproduction” had the most significant influence on the value aspect of construction.
Understanding the degree of importance each category of LC wastes has on the construction
process facilitates an understanding of the driver waste (highest ranked waste category) for each
process. The effect of LC wastes has previously not been revealed by previous research, as most
studies on non-physical wastes focused on understanding and ranking the factors promoting them

without consideration for the construction phase where they are most prevalent.
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Table 4.6: p-value results of ANOVA test

ANOVA: Single Factor

2 8l o c 5
8.5 52| 5|38
No | Code Description 50% 28 | § £ | &7
s £ 38| 9| Fa

pd o o
1 LW-T1 \é\t/;sst:s due to defect/rework in the transformation 08623 | 01748 | 0.6240 | 00992
2 | LW-T2 \é\t/;sst:s due to overproduction in the transformation 06694 | 0.0668 | 0.1979 | 0.0320
3 | LW-T3 Wastes due to waiting in the transformation phase 0.6964 | 0.3324 | 0.9073 | 0.9963
4 | Lw-ta \é\ll’]aasst:s due to non-utilized talent in the transformation 04556 | 0.3273 | 0.6546 | 01179
5 | LW-T5 \é\ll’]a;sstss due to transportation in the transformation 04438 | 0.1675 | 0.6562 | 0.1306
6 | LW-T6 Wastes due to inventory in the transformation phase 0.5124 | 0.9222 | 0.3298 | 0.1197
7 | LW-T7 Wastes due to motion in the transformation phase 0.9089 | 0.7141 | 0.4962 | 0.5852
8 | LW-T8 Wastes due to making-do in the transformation phase 0.1115 | 0.8085 | 0.3409 | 0.4161
9 | Lw-To \é\r/f;sstees due to extra-processing in the transformation 07284 | 0.6361 | 0.5244 | 0.9130
10 | LW-F10 | Wastes due to defect/rework in the flow phase 0.9886 | 0.8588 | 0.8511 | 0.6648
11 | LW-F11 | Wastes due to overproduction in the flow phase 0.0109 | 0.4544 | 0.0417 | 0.1674
12 | LW-F12 | Wastes due to waiting in the flow phase 0.7577 | 0.8529 | 0.7995 | 0.8655
13 | LW-F13 | Wastes due to non-utilized talent in the flow phase 0.1671 | 0.9180 | 0.5409 | 0.2498
14 | LW-F14 | Wastes due to transportation in the flow phase 0.2253 | 0.4142 | 0.1874 | 0.3585
15 | LW-F15 | Wastes due to inventory in the flow phase 0.1221 | 0.4937 | 0.4982 | 0.0622
16 | LW-F16 | Wastes due to motion in the flow phase 0.9720 | 0.2251 | 0.8405 | 0.2967
17 | LW-F17 | Wastes due to making-do in the flow phase 0.2001 | 0.1231 | 0.6206 | 0.0510
18 | LW-F18 | Wastes due to extra-processing in the flow phase 0.0197 | 0.5622 | 0.9814 | 0.6825
19 | LW-V19 | Wastes due to defect/rework in the value phase 0.5823 | 0.1118 | 0.4440 | 0.8629
20 | LW-V20 | Wastes due to overproduction in the value phase 0.8596 | 0.9150 | 0.8521 | 0.1682
21 | LW-V21 | Wastes due to waiting in the value phase 0.0669 | 0.7328 | 0.1798 | 0.8318
22 | LW-V22 | Wastes due to non-utilized talent in the value phase 0.8337 | 0.1243 | 0.4987 | 0.1128
23 | LW-v23 | Wastes due to transportation in the value phase 0.7242 | 0.8471 | 0.9698 | 0.1090
24 | LW-V24 | Wastes due to inventory in the value phase 0.5597 | 0.9350 | 0.1120 | 0.8526
25 | LW-V25 | Wastes due to motion in the value phase 0.6134 | 0.7143 | 0.8544 | 0.0979
26 | LW-V26 | Wastes due to making-do in the value phase 0.7646 | 0.4770 | 0.6084 | 0.1069
27 | LW-V27 | Wastes due to extra-processing in the value phase 0.9064 | 0.9526 | 0.1929 | 0.0549
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4.3. Categorizing and Ranking Factors Promoting LC Wastes

The sub-research flowchart (Figure 4.1) showed the process for categorizing and ranking the

factors that promote LC wastes in highway projects using a two-step multi-criteria decision-

making method, formalize a project scheduling technique for elevated urban highway projects.

Factors that contribute to non-physical wastes were identified from previous studies (See

Section 2.3.1. Lean Construction Wastes. These factors were cross-referenced and placed into

eight groups by merging similar factors based on a similar procedure adopted by Wambeke et al.

(2011). For example, changes in design, document problems, design errors, construction drawing

errors and complicated design (Alwi et al. 2002b; Bossink and Brouwers 1996) were grouped

under "Design and documentation”. The eight groups were then re-clustered into three categories

based on the TFV to create the decision hierarchy (Figure 4.3).
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Urban Highway Construction
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In developing the decision hierarchy, the target was to prioritize the factors or criteria
(Level 2 of the decision hierarchy) responsible for promoting LC wastes in the context of elevated
urban highway construction. Techniques that can potentially improve or influence each selected
criterion are included as “alternatives.” For instance, planning and scheduling were identified as
level 2 criteria, techniques such as the CPM, LSM and LPS were identified as techniques and

alternatives to improve the planning and scheduling process.
4.3.1. Data Collection and Analysis

A structured questionnaire survey was developed to assign priority weights to the factors that
promote non-physical wastes in elevated urban highway projects using the AHP. The
questionnaires were administered to construction firms operating in Canada. The sample for the
study was purposively drawn from the top 40 construction companies in Canada. The
questionnaire was targeted at individuals with more than five years' experience in the construction
sector. The respondents were asked to provide a pairwise comparison of the Level 2 criteria using
the AHP. The scope of the research method was to conduct further analysis of the highest-ranked

non-physical waste in the transformation phase. This was achieved by applying the CBA method.

4.3.1.1. AHP Analysis and Results

A total of 80 anonymized questionnaires were returned. However, since the AHP is based on
expert judgement, only participants with more than five years of experience were considered for
the analysis. Furthermore, only respondents involved in roads and highway construction were
considered for the analysis since the research focused on highway projects. Therefore, only 41
responses were used for the analysis. The steps for the AHP application (See Section 2.8.1.1.
Analytical Hierarchical Process (AHP) proposed by Saaty (1980) was applied to analyze each
response to obtain a judgement matrix for level 2 of the decision hierarchy. The data's consistency
is determined using the eigenvalue (Amax) to calculate the consistency index (Cl). A perfectly

consistent response is obtained when Cl = 0. If the CI # 0, then the consistency ratio (CR) is used
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to measure the level of inconsistency by dividing the Cl with the appropriate value of the random
index (RI) proposed by (Saaty 1980). A judgement matrix is only accepted as a consistent one if
CR<0.1. Table 4.7 shows an example of the judgement matrix for one respondent (See Appendix

lll for detailed calculation).

Table 4.7: Judgement matrix for one respondent

Comparison Matrix Transformation Matrix
Trans. Flows | Value Trans. | Flows | Value | w, WS Amax
Transformation 1.00 3.00 5.00 0.50 0.92 0.45 | 0.66 2.00 3.04
Level | Flows 0.33 1.00 4.00 0.20 0.31 0.36 | 0.29 0.87 3.02
2 Value 0.20 0.25 1.00 0.12 0.08 0.09 | 0.10 0.29 3.00
1.53 425 | 10.00 Ave. Amax | 3.02
Cl 0.01
CR 0.0163

Each respondent's judgment matrix was calculated, and the aggregation of individual
judgement (AlJ) was performed using the arithmetic mean method (AMM) to aggregate the
individual responses. The AlJ constructs an aggregated decision matrix and combines each

respondent's responses to get the aggregated group result. The aggregated final weight is shown

in Table 4.8.
Table 4.8: Summary of results
Level 1 Level 2 Relative Weights
Planning and scheduling 0.19
Transformation Construction method 0.08
Quality 0.05
Resource availability 0.16
Flows Design and documentation 0.17
Decision-making approach 0.21
Value Supervision/control 0.10
Weather/External conditions 0.04

The results show the weights of the different factors. Planning and scheduling were
revealed to be the highest contributor to non-physical wastes in the transformation phase of
construction, with a weight of 0.19. This implies that reducing non-physical wastes attributable to
poor planning and scheduling will lead to an improvement in the transformation phase of
construction projects and led to the process of formalizing the process of selecting the appropriate

planning/scheduling technique applicable to elevated urban highway projects using the CBA.
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4.3.1.2. CBA Analysis and Results

The last question in the questionnaire survey used for the AHP analysis requested the email
address of participants interested in participating in the second phase of the analysis. Based on
the feedback, fifteen project managers with an average experience of 10.5 years working in
elevated urban highway projects were selected for the CBA analysis. The Delphi technique was
employed for collecting data for the second research objective of formalizing the process of
selecting a project planning and scheduling technique using the CBA method. The Delphi
technique has been widely used in the construction management domain as a data collection
technique from a panel of selected experts and does not require a large sample size (Alaloul et

al. 2015; Ameyaw et al. 2016).

CBA Step-by-Step Application

Step 1: Identify alternatives for consideration in the decision process.

Three planning and scheduling techniques were identified, as described previously in the MCDM
hierarchy formulation. The LPS, CPM and LSM.

Step 2: Define the factors that are going to be assessed to differentiate the alternatives.

The participants were asked to list factors that influence their choice of planning and scheduling
techniques employed on their projects. The lists were cross synthesized, reworded, combined
and reduced. The combined list was reduced to 15 factors (Figure 4.4) and sent back to the
respondents for their consensus. This process went through three rounds of iteration using the

Delphi technique before arriving at the seven factors used for the analysis.
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All Factors
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Figure 4.4: Identified factors for comparing alternatives

Step 3: Define the “must” criterion, which provides the rules for judging the factors.
The “must” criterion for each factor was then agreed upon. To achieve this, a short questionnaire

LT

was sent to the respondents. The respondents were asked to “agree,” “disagree,” or “comment”
on the “must” criteria presented by the researcher. For example, factor 1 considered the “ease of
implementation in linear projects,” and “easier is better” was considered the “must criteria.” The
participants were also asked to provide weights for the criteria using a 5-point Likert scale (where
five on the Likert scale represented 100 and one represented 0). The arithmetic mean of the
assigned weights was used in the decision context.

Step 4: Summarize the attributes of each alternative.

The attributes of each alternative were obtained from existing literature as a starting point and
sent to the participants. Based on the feedback received, some of the attributes were modified.

The least desirable attribute for each identified factor is underlined and used as a comparison to

describe the advantage of an alternative based on that factor.
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Step 5: Decide the advantages of each alternative.

Once the attributes are summarized, the criteria are applied to identify the advantages. Note that
there will always be at least one alternative for each factor that does not have an advantage
because it has the least preferred attribute or characteristic in that criterion.

Step 6: Decide the importance of each advantage (IofA). The lofA corresponds to the value given
to each alternative's advantage based on each factor by each participant.

A template (Table 4.4) was sent to the participants. Each participant was asked to assign weights
to each selected alternative's advantage based on the agreed factors and criteria. The decision-
makers then decide on the second “best” alternative and assign weight to it. The least preferred
alternative is automatically assigned a weight of zero. The sum of the lofA for all factors represents
the total importance of that alternative. Finally, the weights assigned by each participant were
aggregated using the arithmetic mean to arrive at a group consensus. The final analysis is shown

in Table 4.9.

4.3.1.3. Validation of CBA Result

To validate the CBA analysis results, separate interviews were conducted with five project
managers and a site foreman. The interviewees were from two separate construction companies
involved in the construction of a major highway interchange in Montreal, Canada and had a
combined work experience of 33 years. The interviewees had no prior knowledge of the research
results. They were presented with the factors and criteria used for the CBA analysis and asked to
select a project planning and scheduling technique. The responses obtained were consistent with
the results of the analysis. However, they were unanimous in their assertion that changing the
factors and criteria would lead to a different outcome in choosing the planning and scheduling

technique.
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Table 4.9: CBA implementation

S/IN Factor & Criterion Last Planner System Critical Path Method Linear Scheduling
Ease of use/ implementation in Attr.: Easy to use and based on operational planning Attr.: Convoluted in complex projects and ineffective for | Attr.: Used in linear projects where the majority of the
linear projects continuous linear projects work is made up of highly repetitive activities
::nrlt.:‘llEvas.lerr. '_S better Adv.: understand the presence of variability in | lofA | Adv.: lofA | Adv.: Performs optimally when applied to | lofA
1 ax. Weight: 50 production, human-focused linear projects
35 0
Promotes collaboration and Attr.: Planning is done mainly at the project level and is | Attr.: Planning is rigid, and process-focused and carried out on a | Attr.: Planning is carried out on a strategic level and
communication during the project | therefore flexible strateqic level best implemented as an effective management tool at
execution phase the field level
2 Crit.: Higher is better Adv.: More collaboration and communication during | lofA | Adv.: lofA | Adv: Collaboration and communication during | lofA
Max. Weight: 100 the execution stage the execution stage
0 60
Resource management Attr.: The process of “making ready” and constraint removal | Attr.: Integrated with Network planning tools Attr.:
Crit.: Higher is better are tools in resource management
Max. Weight: 50
3 Adv.: enhanced collaboration and communication | lofA | Adv.: Facilitates resource allocation, levelling and | lofA | Adv.: Resource allocation/levelling is not | lofA
promotes resource management smoothing possible as it lacks resource allocation and
20 levelling capabilities 0
Plan reliability Attr.: Planning is done detail closer to the task execution Attr.: Planning is comprehensive with long term focus Attr.: Easy to schedule continuity on linear projects,
Crit.: Higher is better improving coordination and continuity
Max. Weight: 25 - - T -
4 Adv.: Commitment planning by the last planners | lofA | Adv.: lofA | Adv.: Improved coordination and continuity | lofA
increases planning reliability and visualization of the time-space
@ 0 relationship 15
Use of technology (planning tools) | Attr.: Planning is carried out in the “big room” using big plane | Attr.: Well-advanced tools available for use, easily adapted to | Attr.: Intuitive and easy to understand but cannot easily
Crit.: Availability of technology is | boards and stickers numerical computerization be adapted to numerical computerization as readily as
better network methods
5 Max. Weight: 50 AGvo S - - - P . e PRy
v.: Simple and manual planning technique lofA | Adv.: Availability of technology supporting the | lofA | Adv.: Limited number of computerization lofA
implementation implementation platforms
0 0
Ability to accommodate space Attr.: Pull based scheduling that facilitates micro scheduling. | Attr.: Focuses on “what” instead of “how.” Emphasizes the critical | Attr.: Considers and accurately represents space-time
planning Focuses on “how” instead of “what” path relationships
Crit.: Ability to accommodate
6 space planning is better Adv.: Constraint removal techniques facilitate | lofA | Adv.: lofA | Adv.: Facilitates the visualization of space- lofA
Max. Weight: 100 space planning time relationships
50 0 @
Reduction of uncertainty and risk | Attr.: Produces a predictable and reliable workflow Attr.: Complemented by EVM and PERT with mathematical | Attr.:
Crit.: Higher is better abilities.
Max. Weight: 50 - ; . - T P - ; :
7 Adv.: Project percent complete (PPC) and Variance | lofA | Adv.: Statistical abilities help planners to get a better | lofA | Adv.: There is no method to incorporate | lofA
Analysis (VA) can be used to reduce uncertainty and idea of time and schedule risk duration and production uncertainty
risk 35 0
Total lofA 150 225
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4.4. Discussion

The characteristics and nature of projects in the construction sector differ from one project to
another. This difference makes it difficult to standardize the process of selecting project planning
and scheduling tools for construction projects. The variation in projects, scope, size and duration
is so significant that one single technique cannot solve all the problems. Highway projects are
different from other construction projects as they often involve the management of several factors,
including traffic management and spatial considerations, especially in urban areas. Across the
literature, the focus has been on applying different planning and scheduling technique with little
emphasis on selecting the technique to apply. Selecting the appropriate planning and scheduling
method is essential to achieving project success and defining essential factors and criteria to help
achieve project objectives should be the starting point in selecting the appropriate planning and
scheduling technique. Usually, the CPM is the most widely used method for planning and
scheduling construction activities. However, for certain projects, such as elevated urban highway
projects, CPM becomes complex and challenging to use and understand (Harmelink and Yamin
2001). Ahuja and Thiruvengadam (2004) further claimed that only technical precedence and
resource availability constraints are explicitly shown in CPM networks. The CPM also does not
consider spatial constraints. This limitation makes it difficult for the CPM to be applied to the
construction of elevated urban highway projects where spatial constraints and the uninterrupted
usage of resources such as heavy construction equipment is important to project success.
During the project execution phase, there is a need to effectively plan the construction
work concerning the work schedule and resource availability (Ahuja and Thiruvengadam 2004).
Having accurate and up-to-date information on each activity and the resource needed to actualize
them impact effective project scheduling of linear projects. However, deterministic project
scheduling, such as the CPM and LSM, does not provide the flexibility and uncertainties inherent

in construction projects, especially in elevated urban highway projects. The schedules developed
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for these projects should consider logical precedence constraints of activities and spatio-temporal
constraints by creating relationships between the project environment, organizational
characteristics and the planner’s capabilities. This is where the LPS has a significant advantage
over the other planning and scheduling tools. Jargensen (2006) revealed that LPS increases the
planning process's reliability and helps address the non-physical wastes associated with planning
uncertainty and deviation.

The CBA analysis presented in this research shows the suitability of the LPS over the
CPM and LSM in planning and scheduling elevated urban highway projects based on the
highlighted factors. The actual outcome of the LPS is that the process can reveal poor planning
and scheduling and facilitates a proactive approach to developing solutions for their improvement
(Wodalski et al. 2011). According to Wu et al. (2019), the LPS provides a way to improve highway

construction projects' efficiency.

4.5. Summary

Non-physical wastes affect the different phases in different ways. The highest-ranked wastes in
the transformation aspect of construction were found to be “Making-Do,” “Waiting” has more
impact on the flow aspect of construction, while “Overproduction” had the most significant
influence on the value aspect of construction. After ranking the LC wastes, it became imperative
to ascertain the factors contributing to them and proffer a solution for the highest-ranked waste
factor in the transformation phase. This was achieved using a two-step MCDM technique. The
AHP was utilized to assign priority weights to factors promoting non-physical wastes. The results
revealed that non-physical wastes attributable to planning and scheduling had the highest effect
in the transformation phase of construction projects.

The second step of the MCDM method utilized the CBA method to select the most suitable
planning and scheduling technique applicable to elevated urban highway projects based on some

selected factors. The CBA was combined with the AHP because it provides a more robust analysis
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and rationale for selecting alternatives by using specific factors and criteria to define the attribute
and advantages of one alternative over another. The results reveal the LPS is suitable for planning
and scheduling elevated urban highway projects due to its ability to outperform the LSM in CPM
in some specific areas, such as its ability to facilitate collaboration and communication. However,
it was observed that the LSM and the LPS are closely related based on the respondents' views,
and as such, further investigation is required to ascertain how these two methods can be used
together in elevated urban highway projects. Future research would also expand the research
methodology to include selecting reduction techniques for other identified factors promoting LC
wastes in highway projects. The analysis presented in this chapter provides a formalized way of
selecting the planning and scheduling technique in elevated urban highway projects based on
some essential factors associated with this type of project and serves as an input in developing

the framework for equipment workspace planning by integrating the LPS in a 4D model.
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CHAPTER 5: FRAMEWORK FOR EQUIPMENT WORKSPACE
MANAGEMENT USING THE LAST PLANNER AND 4D BIM FOR
ELEVATED HIGHWAY PROJECTS

Construction processes typically involve dynamic elements, including activity workspaces,
storage spaces, and path spaces critical for construction 4D planning. However, among these,
equipment workspaces currently are not represented dynamically in 4D models. This chapter
aims to expatiate the proposed approach for equipment workspace introduced in Section 3.2 and
develop a conceptual framework for integrating the LPS and detailed 4D modelling for equipment
workspace planning. The proposed framework highlights the 4D-LOD requirements for equipment

space planning in urban highway projects.

5.1. Approach for Equipment Space Planning

Workspace planning is of great importance in large infrastructure projects such as bridges where
heavy construction equipment is required and is, therefore, an essential criterion for the success
of this kind of project. To facilitate workspace planning, the IDFEOQ context diagram presented in
Figure 3.3: IDEFO context diagram for equipment workspace planning is expanded to highlight
four processes (A1 to A4) shown in Figure 5.1. These processes will be explained in the

succeeding sections.
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5.1.1. A1- Product Breakdown Structure

The Product Breakdown Structure (PBS) serves as means for uniquely identifying by name and
number all the elements of the product model in the 3D model to facilitate the explicit tagging of
their characteristics (Lamers 2002). It is used to reduce complex projects into manageable
components to obtain a clear understanding of the product, its components and the requirements
for providing those components. The PBS helps us decompose the 3D model to make it easy to
organize and manage classification data. Formalizing the PBS using a classification system helps
create a shared understanding between project participants, and when consistently used, ensures
standardization and the easy retrieval of information and is the first step towards creating the
Work Breakdown Structure (WBS).

The first step in formalizing the PBS is to break down the 3D bridge model (Figure 5.2)
into the different product groups (Figure 5.3) and classify them according to a classification
system (e.g. MasterFormat, UniFormat, Uniclass and Omniclass). This classification should allow
for the secure exchange of information regardless of the authoring platform used and, therefore,

be based on standard data structures.

Wingwalls Barriers
Bearings

Prestressed Concrete
Beams (Girders)

L T "
Columns i/
Footings

Piles

Battered Piles

Figure 5.2: Bridge model showing bridge terminology
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Bridge
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Figure 5.3: PBS of a bridge

Formalizing the PBS of the bridge helps to better put the work required into perspective
as the classified product groups help to decompose each product into a WBS to help break down
the product groups into tasks and processes required for their actualization and facilitate the
planning of the equipment workspace. The PBS is subsequently linked with the work breakdown
structure (WBS) of the master schedule. The resultant 4D model is designated as 4D-LOD B,

used for major work coordination and feasibility.
5.1.2. A2- Develop Detailed Phase Plan

Developing the detailed phase plan involves refining and improving the LOD of the master
schedule, agreeing on the construction methods to adopt for each phase based on the site
conditions, and deciding the strategies to adopt to ensure that the resultant phase schedule is as
realistic as possible to the contractual baselines at the time of the bid. This is achieved with
detailed input from the project management team. Different techniques exist for estimating task
durations (e.g. simulation, expected productivity, three-point estimates) to ensure that the LOD of
the WBS is further refined to match the details required for the LOD of the PBS. The PBS is linked
to the WBS (Figure 5.4) to create tasks for the selected bridge product. The resulting 4D model
is the 4D-LOD C, consisting of sets of integrated project execution schedules matching the

contractual baseline at the time of the bid.
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Figure 5.4: PBS linked to WBS for bridge construction

5.1.3. A3- Plan Activity Workspace Using Lookahead Plan

The process starts by using the lookahead plan to break down work described in the phase

schedule, identify and remove constraints (e.g., activities with high space demands) to ensure the

schedule's feasibility. Lookahead planning involves breaking down work into operations and

identifying and removing constraints that may prevent the scheduled tasks from being actualized.

Figure 5.5 and Table 5.1 (adapted from Hamzeh et al. 2015) highlight the lookahead planning

process and the parameters required to obtain the Feasible Weekly Work Plan (FWWP). The

FWWHP is a constraint-free weekly plan that forms the basis for the weekly schedule.
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Figure 5.5: Lookahead planning process (adapted from Hamzeh et al. 2015)
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Table 5.1: Parameters for describing lookahead planning (adapted from Hamzeh et al. 2015)

Parameter Description

Processes | Number of tasks in a work package in the phase plan

Operations | Number of tasks that an activity in a process gets broken into

P Percentage of tasks that are Not Ready but have a chance to become ready prior to the
scheduled execution

R Percentage of tasks made ready prior to execution

RR Percentage of Ready tasks that are entirely unconstrained and Really Ready

NR Percentage of Not Ready tasks that will be made Ready prior to execution day

New Number of tasks added to the WWP without undergoing lookahead planning

N Percentage of New tasks made ready prior to the execution day

Hamzeh et al. (2015) revealed the four distinct levels of phases used to describe the
lookahead plan, and these are phase, processes, operations/activities and steps. The project is
divided into phases (e.g., bridge superstructure); the project phase is expressed in terms of
processes (e.g., precast decks that are part of the superstructure). Processes are broken down
into operations/activities (e.g., installation of the precast deck), and operations are further divided
into steps required to achieve them (e.g., rigging, the positioning of the deck). The processes are
further decomposed into their constituent operations.

Prior to execution, some operations are unconstrained, and hence Ready for execution
(R), while some are constrained (lacking specific prerequisites) and hence Not-Ready (1-R). The
operations that are Not Ready are made ready by removing the constraints by providing task
prerequisites (such as manpower, space, equipment). There is the possibility of making a certain
percentage (P) of the Not Ready tasks ready by further removing constraints while the remaining
(1-P) percent Cannot Be Made Ready (CBMR) and will undergo a similar analysis in the
lookahead planning cycle. However, it is sometimes impossible to remove all constraints before
the scheduled operation. Only plans that are Ready and those that have their constraints removed
prior to the execution week are incorporated in the WWP. Some new tasks (New) that had not
been anticipated earlier due to oversite or poor process decomposition may be required to be
added to the WWP. Some of the New tasks may be successfully executed (N), while others (1-

N) may have to be carried over. During the execution week, it may be required to update tasks
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and dependencies as a percentage of tasks previously perceived as Ready may indeed be
unconstrained and designated Really-Ready and are classed as Done tasks after their execution.
The remaining percentage of tasks previously perceived to be Ready are actually constrained (1-
RR) and thus cannot be completed as initially planned and therefore join the Not Done tasks. The
outcome of this process is the FWWP. Linking the FWWP the PBS produces the 4D-LOD D:

operational fieldwork.
5.1.4. A-4 Equipment Workspace Management

Equipment workspace management is the process of planning and managing the equipment
workspace and includes spatio-temporal analysis. Equipment workspace management requires
knowing the activity workspace requirements. The workspace requirement identification helps to
create an understanding of the size and location of the workspace and subsequently generate
the required equipment workspace. Figure 5.6 highlights the workspace requirement identification

process.
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Figure 5.6: Workspace requirements identification

The WBS and PBS contain information about the activity to be performed and the spatial
relationship between the activity and the PBS. This information is required to select the proper
equipment from the equipment database for the activity. The equipment database contains
important information regarding the size and properties of each piece of equipment.

The activity attributes are generated and assigned based on the WBS and the PBS. Each
activity is associated with one or more objects (e.g. the bridge decks are associated with the
activity “install bridge deck”), and the product model geometry and attributes are obtained from
the 3D BIM. The activity attributes and the BIM product model attribute provide necessary
information on the working space required (X in Figure 5.6). The construction method, which is
typically outlined in the project execution plan (PEP), serves as an important step in selecting the
appropriate equipment based on the available workspace. The equipment selection is therefore
based on the available workspace and the equipment attributes. The available workspace is

obtained from the BIM model by creating work zones. These work zones indicate the maximum
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space available for activities within its location. The location and size of the process space are
also obtained as part of the available space (Y in Figure 5.6). The activity workspace (Z) is,
therefore, a combination of X and Y and depicts the total space required to execute an activity,

i.e. safely:

Activity = Space + Space + Space
Workspace Bridge object Equipment Others (Labor, storage)

The equipment workspace management also includes spatio-temporal analysis (conflict
detection and resolution). To perform spatio-temporal analysis, the bounding volumes of the
different 3D elements of the workspaces (i.e. object and equipment space) and the interference
between them are analyzed using bounding volumes. A bounding volume is a 3D geometry
constructed to enclose all surfaces of an object. The bounding volumes provide fast intersection
tests, and they should be small enough to enclose the object. Most previous research performed
conflict detection using the BB conflict detection algorithms in a 3D environment. In this study, the
conflict detection is performed in the 4D environment by transforming the bounding volume to the
position and scale of workspace objects, and spatio-temporal conflict is resolved using rule-based

heuristics (Figure 5.7) to generate a spatio-temporal free activity workspace.
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Figure 5.7: Rule-based heuristics for conflict resolution

The rule-based heuristics for conflict resolution consists of the following steps:
1. Change the tolerance, location or size of the indirect workspace: The first step in resolving
a spatio-temporal conflict is to change the tolerance, location or size of the flexible
workspace (i.e. material storage space) only if the flexible workspace is among the

conflicted workspaces.
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2. Change the schedule plan for non-critical activities: This strategy involves changing the
start time of non-critical activities with conflicting space occupation or splitting the working
time based on the activity's total float or slack.

3. Change the activity logic: Some workspace problems, especially between object
workspaces and fixed workspaces, may be resolved by changing the logical sequence
between activities.

4. Change the activity execution plan: Some workspace problems may not be resolved by
steps 1-3. These workspace problems may be resolved by changing the activity execution
plan. The activity execution plan includes the material, size and type of equipment and the
techniques required to execute an activity. For instance, a project manager may decide to
deploy one 40ton crawler crane instead of two 20ton cranes. When changing the activity
execution plan, care should be taken to ensure no productivity loss due to the change.

5. Change the schedule plan for critical activities: The workspace problem that cannot be
resolved by steps 1-4 are resolved by changing the schedule plan for critical activities.
Changing the schedule plan for critical activities is the last option, as this may lead to a
delay in the project completion date. However, a delay due to the schedule alone (i.e., it
is already captured proactively) is better than a delay caused by spatio-temporal conflict
(reactive delay).

The proposed approach enables the resolution of conflicts, one after another, in a heuristic
way, until all conflicts are resolved. The 4D model obtained after the spatio-temporal conflict

resolution is referred to as the 4D-LOD E: detailed equipment movements and workspaces.

5.2. Conceptual Framework for Equipment Workspace Planning

The approach for equipment space planning introduced in Section 3.2 and discussed in Section
5.1 facilitated developing a conceptual framework for integrating the LPS and 4D modelling for

equipment workspace planning in elevated urban highway reconstruction projects (Figure 5.8).
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The framework addresses issues relating to micro-scheduling of equipment, equipment
workspace requirement and 4D model requirements for equipment workspace planning,
representation and visualization using the following steps:

Step 1: Define the construction method. The construction method is typically defined based on
the project execution plan and the activity method statement during the pre-construction phase.
In the reconstruction of elevated urban highways, several construction methods exist, and
selecting an appropriate method is crucial in selecting the equipment type and size.

Step 2: Formalize PBS. The 3D model is broken down into its different constituents and formalized
according to a classification system. Formalizing the PBS is an essential consideration for
equipment workspace planning in elevated highway projects. It enables categorizing the bridge
components, extracts the product geometry and assigns tasks using the WBS of the master
baseline schedule to understand the various activity’s workspaces.

Step 3: Link WBS of phase schedule to PBS. The WBS of the phase schedule is refined to
improve the LOD and linked to the PBS of the initial 4D model. This linkage helps ensure that all
the necessary tasks are identified. This process leads to creating a 4D- LOD C representing the
contractual baseline at the bid time.

Step 4: Create construction work zones. Construction work zones are created to facilitate an
understanding of the available workspaces for a specified time. The work zones provide valuable
input to the lookahead planning process and indicate the “available space” for the lookahead

planning window.
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Figure 5.8: Framework for integrating the LPS and detailed 4D model for equipment space planning
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Step 5: Develop a four-week lookahead plan. The phase schedule is decomposed using the LPS
into a 30 days lookahead plan by breaking down the work into operations. The lookahead plan
helps to identify and remove constraints that may affect the work plan. It identifies the work that
can be done by matching the workflow to capacity, maintaining a balance of work to minimize
downtime and develop weekly plans for how the work will be completed. Matching workflow to
capacity is the main advantage of the LPS over other scheduling techniques.

Step 6: Determine task readiness. Constraints analysis is carried out to ascertain the ‘readiness”
of tasks to be added to the WWP. Tasks for inclusion in the WWP are assessed based on some
criteria (Table 5.2 adapted from Ballard 2000). Tasks that fulfil all the criteria are referred to as
“‘Ready Tasks” and included in the WWP.

Table 5.2: Quality criteria for evaluating tasks for commitment planning (adapted from Ballard 2000)

Quality criterion | Question to answer

Definition Is the task defined so that workers understand what, when, where and with what to
realize the task?

Soundness Have all constraints been removed prior to the plan period?

Sequence Is the task adequately sequenced?

Integrity Has the plan sequence been simulated using 4D to detect conflicts?

Size Does workload match the capability of those who are to perform the task?

Step 7: Make tasks ready. Tasks that do not fulfil the criteria in the previous step are required to
be “Made Ready.” The primary consideration of “making tasks ready” is to ensure the removal of
constraints based on the quality criteria and other project-specific constraints. Usually, some tasks
are made ready before the execution week and subsequently included in the WWP.

Step 8: Develop weekly work plans. This step is the output of steps 6 and 7. All unconstrained
plans from step 6 and plans that can have their constraints removed before the execution week
from step 7 are included in the WWP. The workable backlog (excess tasks that are ready but not
urgent are moved to the fallback list to be executed in case of available capacity during execution)
are also included in the WWP. This step also includes checking for schedule conflicts by

determining the activity logic to check for temporal constraints.
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Steps 9: Check for spatio-temporal conflicts. The next step involves checking for spatio-temporal
conflicts between the product space and other types of spaces (e.g. laydown space, safety
space). Three types of conflicts are assessed, challenging conflicts (two components are
occupying the same space), soft conflicts (occurs when an element is not given the spatial or
geometric tolerances it requires) and workflow conflicts. The workflow conflicts have been
addressed in steps 5-7. Hard and soft conflicts are checked using different techniques (e.g.
bounding box, constructive solid geometry). However, very few 4D software tools have in-built
capacities to perform spatio-temporal analysis.

Step 10: Apply conflict resolution strategies. If spatio-temporal conflicts are detected, the rule-
based heuristics (Figure 5.7) is applied to resolve any potential conflict. The conflict-free WWP is
regarded as the FWWP, and a 4D-LOD D representing operational fieldwork is obtained.

Step 11: Define equipment workspace requirements. To facilitate the equipment workspace, the
workspace requirement for activities on the FWPP is determined. The activity workspace is a
combination of various workspace. These spaces combined are the “required space,” typically
based on the “available space.”

Steps 12 & 13 involve repeating steps 9 & 10 to check for and resolve spatio-temporal conflicts
resulting from the equipment workspace requirements.

Step 14: Develop a daily work plan. The last planners develop the Daily Work Plan (DWP). Steps
9 & 10 are repeated to obtain the Feasible Daily Work Plan (FDWP). The 4D model, at this stage,
has the required level of abstraction required (LOD-E) for micro-scheduling the short duration
activities involving the use of the equipment and provides an accurate representation and
visualization of the equipment space usage. The resultant 4D model is designated as 4D-LOD E

representing detailed equipment movement and workspaces.
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5.2.1. Case Study

The framework is implemented using a case study. The case study is inspired by the Turcot
Interchange reconstruction project in the city of Montreal, Quebec-Canada. The interchange is a
major passenger and freight transportation axis, used by more than 300,000 vehicles per day and
has reached the end of its useful life after more than 50 years of service (Ministry of transport
2017). Some of the challenges encountered in this project include managing spatio-temporal
clashes resulting from phased deconstruction and reconstruction works and managing the
workflow and schedule. The case study focused on installing 28 bridge precast deck panels
consisting of 128 short-duration activities, two crawler cranes and two trucks for hauling. The
implementation of the case study was achieved in Fuzor 4D software (Kallotech 2017). The case

study workflow is shown in Figure 5.9.
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Figure 5.9: Case study workflow

The 3D model (Figure 5.10) was created in a 3D modelling software (Autodesk Infraworks)
and exported in fbx format into Revit (Autodesk 2019) to allow for the classification of the PBS.
Classifying the PBS allows for the easy exchange and retrieval of information about the bridge

model and facilitates the WBS creation.

This study advocate using the Autodesk classification manager for Revit (Figure 5.11) for
formalizing the PBS. This classification system has a distinct advantage over other stand-alone
classification systems as it includes the Uniclass 2015, OmniClass, Uniformat and MasterFormat,
IFC4, ASTM E1557-Uniformat Il and FCIM space databases, is easy to use, fully customizable
and can be integrated with other classification to facilitate interoperability between different

classification systems.
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Figure 5.12: Snapshot of Bridge model in Revit

The 3D model was then exported from Revit into an interchangeable format suitable for
the 4D modelling software (Fuzor) (Kallotech 2020) and linked with the phase schedule (provided
by the project manager in the case study project) to obtain the 4D LOD C representing the

contractual baseline at the time of the bid. To facilitate workspace planning and the decomposition
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of the phase schedule into WWP, the case project was divided into different work zones (Figure

5.13).
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Figure 5.13: Construction work zone

The phase schedule is further decomposed into the lookahead schedule (based on the
process highlighted in Figure 5.5: Lookahead planning process) by ensuring that only tasks that
fulfil the quality criteria (Table 2.4: Quality criteria for evaluating tasks for commitment) are
included in the WWP. The lookahead filter (Figure 5.14) is used to filter the schedule based on

the lookahead planning horizon to make it easier to plan and sequence the tasks properly.
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The LPS emphasizes constraints identification and removal to ensure that work plans can
be actualized. Typical constraints identified in the case study project are shown in Table 5.3.
These constraints are typical of urban highway projects.
Table 5.3: Different types of constraints and purpose
Constraint Purpose

Traffic management Ensure minimal disruption of traffic by making sure that the task will not
overly impact the traffic management plan
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Constructability Ensure the uninterrupted execution of the planned work, availability of
complete design, and avoiding design changes

Resource availability Ensure the availability of materials, equipment, machinery and workers

Environmental and social Ensure fair weather and safe working conditions.

Spatio-temporal Ensure the availability of sufficient space for activity execution

Prerequisite work Ensure the completion of prerequisite activities

The main constraints identified in the case study project were traffic management and
spatio-temporal. Creating the work zones helped put these constraints into perspective and
subsequently aided in their resolution. The unconstrained WWP fulfilling the quality criteria (Table
5.2: Quality criteria for evaluating tasks for commitment planning) is regarded as the FWWP. The
workspace requirements identification procedure detailed in Figure 5.6: Workspace requirements
identification is subsequently applied to obtain the activity workspaces.

The project manager devised the activity execution plan in the case project, and the
required activities workspaces were determined based on the object attributes of tasks in the
FWWP. Selecting a task on the schedule reveals the object attribute, such as its size and the
work zone assigned. Figure 5.15 shows the activity “deck installation.” Figure a highlights the
activity schedule. Figure b highlights the product model based on the activity selected, while figure

¢ shows the object's volume. The level of detail at this stage is the 4D-LOD D for operational

fieldwork.
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Figure 5.15: 4D-LOD D: Operational fieldwork
To obtain the 4D-LOD E, which represents the equipment movement and workspaces, the

equipment is selected from the equipment library of the 4D tool. The equipment selection is based
on the equipment geometry and the available workspace. Figure 5.16a shows the equipment
selection module, while figure b shows the equipment attribute to ensure the correct equipment

size is selected.
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Figure 5.16: Equipment selection
After that, the Bounding Box (BB) method was applied to generate the workspace around
the extents of the equipment and bridge product to be installed (Figure 5.17). The BB's geometry
is also saved and stored within the 4D software and can be easily extracted to facilitate spatio-
temporal analysis for potential conflicts in the activity workspaces. This represents an
advancement compared to most previous studies where the workspaces were generated in the
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3D authoring tool or, in the case where they were generated in the 4D tool, could not easily store

and retrieve the workspaces.

Figure 5.17:Equipment workspace representation

After representing the work-space occupation of the selected activities with the BB, spatio-
temporal conflict analysis is performed within the 4D environment to check for spatio-temporal
conflicts. Table 5.4 shows the results of the spatio-temporal analysis. Ten workspace problems
were identified during the spatio-temporal analysis relating to hard clashes, i.e. construction clash
(interference between physical components) and seven relating to soft clashes (interference
between clearance volumes and workspaces). The view column helps to focus on the clash (e.g.
NewClash_1 in Figure 5.19). A clash was observed between the girder's clearance volume and

the pier based on the tolerance level. The tolerance level is used to assign clash tolerance. A
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higher tolerance will filter out minor intersections. To resolve the detected clash, the tolerance

level was increased.

Table 5.4: Clash analysis output 1
Report Clash Name

X
X
X
X
X
X
X
X

M XK X X

Total Clashes: 17
0.0032808401 ft

Tolerance:

NewClash 1
NewClash_2
NewClash_3
NewClash_4
NewClash_5
NewClash_6
NewClash_7
NewClash_8
NewClash_9
NewClash_10
NewClash_11
NewClash_12
NewClash_13
NewClash_14
NewClash_15
NewClash_16
NewClash_17

New: 0

Type
Construction
Construction
Construction
Construction
Construction
Construction
Construction
Construction
Temporary
Construction
Construction
Equipment
Temporary
Temporary
Equipment
Equipment
Equipment

Active: 17

Item 1
Element ID 115838
Category Girder
WBS Code 1.16
Level Superstructure
ltem 2
Element ID 92407
Category Pier
WES Code 115
Level Substructure

Ooo0oo0oooooOooooogao

Stage
Active
Active
Active
Active
Active
Active
Active
Active
Active
Active
Active
Active
Active
Active
Active
Active
Active
Resolved: 0

Level

Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 3
Level 3
Level 3
Level 3
Level 3
Level 3

Figure 5.18:Graphical view of identified conflict

Grid Intersection
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The equipment conflict is represented differently (Figure 5.20). The simulation

automatically terminates when an equipment clash is detected to enable its resolution. The

conflicts were resolved by applying the rule-based heuristics,

125|Page



Chapter 5: Equipment Space Planning
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Figure 5.19:Equipment conflict warning

After a conflict-free equipment workspace is obtained based on the FWWP, the Daily Work
Planning (DWP) process commences. To facilitate the timing of the tasks in the DWP, DES (See
Section 2.4.3. Construction Process Simulation Modelling.) is applied. Applying DES helps to
ensure that all the required processes and resources are identified. Activity Circle Diagram (ACD)
is used to develop the simulation model. ACD’s are the natural way to represent the DES activity
paradigm (Kang and Choi 2010). An essential consideration in developing an ACD based DES
model is identifying work tasks, the sequence of operation, available resources, logic of resource
utilization, state and interaction among resources and outcome of work task. Table 5.5 shows
the information utilized for building the simulation model (Figure 5.20) to install a precast deck

slab using crawler cranes.

Table 5.5: Information to build ACD based DES model

Conditions for Activity to Activity Activity Outcome
commence
e Yard crane idle e Precast deck slab loaded
e Empty truck idle Loading of the precast deck e Truck ready to haul
e Precast deck slab idle slab e Yard crane idle
e Rigging team @ precast yard
e Crawler crane ready for load
e Not applicable The arrival of precast concrete | e«  Truck ready to be offloaded
deck slab to the site for e Precast deck slab idle
installation
e Crawler crane ready to lift e Loaded crawler crane lifts
precast deck Positioning crane, rigging the load
e Loaded truck ready to be load e Unloaded truck ready to
offloaded return
e Rigging team idle
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Figure 5.20: Stroboscope model for precast deck installation

The simulated duration represents the real-world system and needs to be validated by the

LPS (which is based on commitment planning). The spatio-temporal checking process is

repeated, and any potential conflicts are resolved by applying rule-based heuristics. Table 5.6

shows the clash analysis output after the application of rule-based heuristics.

Table 5.6:Clash analysis output 2

Report Clash Name

|

4

X

I
I
X
=
=
I
=
=
=

Type
NewClash_1
NewClash_2
NewClash_3
NewClash_4
NewClash_5
NewClash_6
NewClash_7
NewClash_8
NewClash_9
NewClash_10
NewClash_11
NewClash_12
NewClash_13
NewClash_14
NewClash_15
NewClash_16
NewClash_17

Construction
Construction
Construction
Construction
Construction
Construction
Construction
Construction
Temporary
Construction
Construction
Equipment
Temporary
Temporary
Equipment
Equipment
Equipment

Staage

Resolved
Resolved
Resolved
Resolved
Resolved
Resolved
Resolved
Resolved
Resolved
Resolved
Resolved
Resolved
Resolved
Resolved
Resolved
Resolved

Ooo0oooooooooooOoao

Level

Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 1
Level 3
Level 3
Level 3
Level 3
Level 3
Level 3

Grid Intersection  Assigned To
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
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The output of the equipment planning process is a 4D-LOD E representing the detailed

equipment movements and workspaces. Snapshots of the equipment workspace simulation are

shown in Figure 5.21.

Figure 5.21:Snapshots of equipment simulation
The case study only considered the installation of one type of bridge component. In
practice, the equipment workspace requirement for all the bridge components needs to be

determined.

5.3. Summary

Many workers, equipment and materials share limited space during construction. Since space
constraints can inhibit productivity, it is essential to detect and analyze workspace conflicts in

advance. Current approaches for identifying equipment related spatial conflicts are based on

discrete event simulation of dynamic equipment motion. However, the accuracy of spatial conflicts
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detected using such approaches is error-prone since it depends on the time increment rate for
the simulation to be set by the user. In large and complex projects, the use of 4D modelling can
help provide advance information about spatiotemporal clashes. 4D simulation allows the
construction team to comprehend space utilization at various stages of the project while visually
identifying potential conflicts before they occur. An ideal 4D model development should facilitate
synergy between the 4D modelling process and the task scheduling without requiring the
planners’ extra effort and provide visual or analytical clues to the construction planner during the
modelling process. A convenient and efficient modelling approach should provide visual clues
and analytical functionalities to facilitate the planner's decision-making process. However,
producing a 4D model with a sufficient level of detail is laborious and time-consuming.
Moreover, very little work has been carried in the domain of equipment workspace
analysis; hence this research, to account for this shortcoming. A conceptual framework for
equipment workspace planning was introduced. The framework seeks to address limitations in
the development of 4D simulations in equipment workspace planning and representation. It
promotes greater collaboration and coordination using the LPS when planning the space

requirements for equipment during task execution
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CHAPTER 6 : CONCLUSIONS AND FUTURE WORK

This research investigated the interaction between lean construction and 3D model for equipment
workspace planning in elevated urban reconstruction projects. A literature review conducted
revealed a dearth of research on the implementation of LC tools/techniques on highway projects,
and some criteria required for the implementation of LC on highway projects were revealed.
Another observation from the literature was a lack of research on equipment space planning and
visualization on highway projects. To address both problems, a 4D based framework was
introduced. This framework integrated the last planner system (LPS), a lean technique in a 4D
model with a different level of development (LOD) and highlighted attributes required for
equipment space planning. The framework was evaluated using a case study. Therefore, the rest
of this chapter will provide conclusions based on the preceding chapters, the major work
undertaken in this study, and the summarised research contributions. Direction for future research

are identified and discussed

6.1. Summary of the Research Work

This research aimed to integrate the last planner system of construction planning in a
detailed 4D model for equipment workspace planning in elevated urban highway projects using a
process-based approach. The process-based approach facilitated specifying the LOD
requirements for 4D models for equipment workspace planning. To realize the research’s’ aim of
integrating the LPS and detailed 4D model for equipment workspace planning in elevated urban
highway reconstruction projects, five objectives were specified. To achieve the first two objectives,
i.e. (1) review the scope of research on lean construction in vertical construction and its extension
to horizontal construction and suggest lean construction tools/techniques intended to maximize
value and eliminate waste on highway reconstruction projects, and (2) investigate and suggest
the best use applications of 4D models for highway construction, a comprehensive literature

review was conducted. The review highlighted the current research scope on LC and its
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application on highway projects and elucidated how the LPS, an LC technique, can improve the
construction planning process. Currently, much of the scheduling is undertaken using the heuristic
knowledge of construction planners without much consideration given to the last planners' inputs.

An investigation of the use of 4D simulation for workspace planning revealed some
common assumptions and limitations in the 4D modelling approach typically adapted for
workspace planning. It also emerged from the literature that spatio-temporal conflicts are a
significant problem on the construction site, more so during the reconstruction of elevated urban
highways where space is a scarce resource. Some work has been undertaken to detect time-
space conflicts using 4D simulation modelling. However, these efforts have mainly been
concentrated in the building domain. These efforts have also been static and failed to consider
micro-scheduling and the dynamic nature of equipment workspaces. The literature review also
revealed the prevalence of non-value adding activities (wastes) in the construction industry
leading to objective (3) rank the LC wastes based on their influence on the transformation, flow
and value processes in construction. The results reveal making-do, waiting, and overproduction
as the highest-ranked waste affecting the transformation, flow, and value aspects of construction,
respectively. This led to objective (4) categorizing and ranking the factors that promote LC waste
in urban highway projects based on the TFV model and propose a two-step multi-criteria decision-
making method to formalize project scheduling techniques in elevated urban highway projects.
The factors contributing to non-physical wastes were identified and ranked using the AHP. The
results reveal planning and scheduling as the most critical waste factor contributing to the
transformation phase of construction projects. The CBA method was applied to select a a suitable
planning and technique for elevated urban highway projects, and the results revealed the LPS as
a method suitable for urban highway projects due to its ability to accommodate workspace
planning and its facilitation of collaboration and communication, especially during the project
execution phase. Objective (5) was the development of a process-based conceptual framework
for equipment workspace planning. This framework showed how the LPS could be integrated into
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a 4D model. The process-based conceptual framework also specified the LOD requirements for
equipment workspace planning. Finally, the developed framework was implemented and
validated using a case study approach.

One important consideration in the application of the LPS is the need to emphasize people
over systems. People are required to drive any meaningful change within a process or an
organization. This is highlighted by the role the last planners play in the development of a reliable
schedule through commitment-based planning. It, therefore, becomes imperative that more
emphasis be placed on the development of people rather than systems.Systems, policies and

procedures don’t run themselves, people do.

6.2. Research Contributions

The following contributions were made to the body of knowledge by the research:

(1) The influence of LC wastes on the TFV model of construction was ascertained by ranking
them based on how they affect the three main phases of the TFV process. With regards to
this contribution, the following conclusions can be drawn:

o The LC wastes have different degrees of influence on the TFV process.

e Making-do has the most significant influence on the transformation aspect of
construction. The transformation aspect of construction is linked to the project
execution phase. The process of making-do ensures that resources are available and
match the capacity required to produce the desired results by removing constraints.

¢ In the flow aspect of construction, the waste of “waiting” has the highest impact.

e The waste of overproduction affects the value phase more than the transformation or
flow phase.

e Most causes of wastes are due to the weakness of the performing organization's

management system, it can thus be surmised that there is a close relationship between
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waste, value, and organization management system and efficiency in project

performance.

(2) Categorized and ranked the factors LC wastes in urban highway projects based on the TFV

model and proposed a two-step MCDM to formalize project scheduling techniques in elevated

urban highway projects. In the first step of the two-step MCDM technique, the AHP was

utilized to derive priority weights for the identified factors. Therefore, the second part of the

two-step MCDM method focused on formalizing the process for selecting project planning and

scheduling techniques applicable to urban highway projects using the CBA. The following

conclusions can be drawn based on this contribution:

Poor planning and scheduling is the highest contributory factor in the transformation
phase of projects.

There is a formalized process for selecting the project planning and scheduling method
for different projects. The choice of the project planning and scheduling technique is
usually influenced by the history of the performing organizations' previous projects and
the project management office.

A formalized process for selecting project planning and scheduling applicable to urban
highway projects revealed the LPS is best suited for urban highway projects when the

focus is on micro-level scheduling and equipment workspace planning.

(3) Developed a conceptual framework for integrating the LPS and detailed 4D modelling for

equipment workspace planning and specify the 4D-LOD. The following conclusions can be

drawn based on this contribution:

Research efforts in 4D modelling have not considered the 4D-LOD requirements for
elevated highway projects.
Integrating the LPS in the 4D modelling process and specifying the 4D-LOD for

equipment workspaces is expected to become increasingly crucial as transportation
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developments shift from new highways to the rehabilitation and reconstruction of
existing ones.

o Defining and adopting 4D-LOD is an important consideration for workspace
management studies, especially in urban highway projects, to provide a more realistic
4D simulation.

e The developed method will help construction practitioners effectively plan the

workspace required for construction equipment in areas with high space demands.

6.3. Limitations and Recommendations for Future Works

A new approach to equipment workspace planning was proposed. However, some limitations
which were identified are:
1. The process of generating the 4D simulation for the equipment workspace is
laborious and very time-consuming.
Across the literature, there is a lack of consensus on the actual gains achieved from implementing
4D modelling compared to the time and effort required to achieve the modelling. In generating the
4D simulation of equipment, it was required to micro-schedule the task involving the equipment
and then simulating the equipment coupled with the task. For large projects involving many
different equipment and activities, this process becomes cumbersome due to the very low level
of abstraction required for the modelling.
2. The approach for equipment workspace representation within the 4D software is
not dynamic.
The equipment workspace is typically represented using bounding boxes or constructive solid
geometry to facilitate spatio-temporal analysis. However, this representation is static and not
dynamic. The implication is that each time the position of the equipment is changed, it will be
required to represent a new workspace as opposed to a dynamic representation where the

represented workspace moves with the equipment.
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3. Manual linking of schedule to the 3D model.
Linking of the schedule to the 3D model is done manually. This becomes difficult as the size and
complexity of the project increases.
4. Only one type of construction method was considered in the 4D simulation of the
equipment workspace.
There are different construction methods employed in bridge construction projects. However, only
one method was considered in the 4D simulation. A more robust simulation would consider the

other construction methods and compare the workspace requirements for the different methods.

6.5. Recommendations for Future Works

Several future research areas were identified and includes:
1. Application of Agent-Based System (ABS) to simulate the activity of the last
planners.
It is vital to apply simulation to better understand the last planners' decision-making, and ABS
provides a means of doing this based on the low level of abstraction requires and the ability to
model.
2. Extending the schedule LOD from level 5 to 6 to account for micro-level planning
capable of accommodating short-duration activities.
Currently, level 5 is the lowest level of abstraction for construction schedules based on the LOD
approach. However, this does not accurately represent the LOD required to accommodate
construction planning on an hourly basis.
3. Semi-automated methods for generating high 4D-LOD models.
The research's main limitation is the manual linking of the schedule to the 3D model. This process
is laborious, time-consuming and error-prone, and is likely responsible for the lack of research on

equipment workspace planning in urban highway projects. Hence, future works will consider a
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process for semi-automating automating the process of linking the schedule with the 3D model to
generate the 4D model.
4. Ontology development methods

BIM ontology is intended to represent knowledge interactions between BIM players, their
deliverables and requirements. Presently, several research efforts focus on leveraging BIM
models with discipline-specific information and information exchange between a BIM authoring
program and discipline design tools (Lee 2014). It, however, remains challenging to tailor BIM to
suit construction management tasks such as workspace planning. 4D models only describe the
construction process. To effectively plan and simulate construction activities, the workspace
requirements must be identified, generated and allocated. Therefore, an ontology-based
approach for describing and extracting workspace requirements is required to facilitate dynamic

workspace planning.
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APPENDIX II: RESEARCH SURVEY 1

My name is Charles Igwe, a doctoral student at Concordia University Montreal conducting research in lean
construction. The objective of this questionnaire is to rank the lean construction waste (also referred to as
non-physical wastes) based on their degree of influence on the transformation, flow and value processes
of construction using the relative importance index. The goal of the research is to better understand how
the LC wastes affect construction as a first step to mitigating them.
Please feel free to share the survey link with colleagues and peers in the construction domain.
Confidentiality

e The information provided will be used only in support of this research project

e Completing this survey is completely voluntary

¢ All participant information (names, organization and email address) will be kept confidential, and

you will receive a copy of the analyzed results upon request.

If you have any concerns about this survey, please contact: Charles Igwe (c_igwe@live.concordia.ca).

We would like to thank you in advance for your assistance.

Sincerely

Charles Igwe

Doctoral Student

Department of Building, Civil and Environmental Engineering
Concordia University

Montreal, Quebec
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Appendix

Ranking the Lean Construction
Wastes Basedonthe Transformation-
Flow-VValue Process of Construction

The goal of this survey is to rank the lean construction wastes (also referred to as non-
physical wastes) based on the transformation-flow-value process. The non-physical wastes

include Defect/Rework, Overproduction, Waiting, Non-utilized Talent, Transportation, Inventory,
Motion, Extra-Processing andMaking-Do.
Thesurveyisdividedintotwosectionsandcontains 33 questionsintotal.(Pleaseanswerall

questions)

The table below provides an explanation of the TFV process.

* Required

An integrated view of construction as production

Description

Transformation view

Flow view

Value generation view

Conceptualization
of construction as
production

Direct transformation
of construction inputs
into outputs

The flow of matenals
composed of procurement,
inspection, moving, waiting
and transformation

Creating value for the
client by fulfilling his stated
requirements

Main principles

Ensures that the
construction process
is more efficient

Elimination and reduction of
all non-value adding
activities (waste)

Ensures the best
functional worth alternative
is selected to
reduce/eliminate value
loss

Procedures

Work breakdown
structure, materials
requirement planning,
organizational
responsibility chart

Last planner system to
facilitate pull production and
continuous flow of waork

Value stream mapping,
quality function
deployment

Caontribution to
the construction
process

Ensure that what has
to be done is done

Ensures that what is
unnecessary is done as little
as possible

Ensures client
requirements are met in
the best possible manner
with the least possible cost
for the stated quality
requirement

1.  What is your highest level of education? *
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2. How many years of work experience do you have *
() More than 10 years
() Between 6-10 years
() Between 3-5 years

() 0-3years

3.  What is your role within your organization? *

() Project Management
() Site Engineer
() Team Lead/Foreman

() Others (Please specify)

4.  What is the size of your organization? *

'

() Large (More than 200 employees)
{:_:ﬁ: Medium (50-200 employees)

() Small (Less than 50 employees)

2.  What type of projects is your organization typically involved in *
() Buildings
() Roads and Bridges

() Other civil projects (Please specify)

6. If youwould like to receive the summary of the result, please provide your email
address below
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7. How important is the waste of "Defect/Rework” in the TRANSFORMATION phase of
construction

Not Important Extremely Important

8. How important is the waste of "Overproduction” in the TRANSFORMATION phase of

construction

Not Important Extremely Important

9. How important is the waste of "Waiting” in the TRANSFORMATION phase of
construction

Not Important Extremely Important
10. How important is the waste of "Non-Utilized Talent" in the TRANSFORMATION

1 2 3 - 5

Not Important Extremely Important

11. How important is the waste of "Transportation” in the TRANSFORMATION phase of

construction

Not Important Extremely Important
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12. How important is the waste of "Inventory” in the TRANSFORMATION phase of
construction

Not Important Extremely Important

13. How important is the waste of "Motion" in the TRANSFORMATION phase of
construction

Not Important Extremely Important

14.  How important is the waste of "Extra-Processing" in the TRANSFORMATION phase
of construction

Not Important Extremely Important

15.  How important is the waste of "Making-Do" in the TRANSFORMATION phase of
construction

Not Important Extremely Important

16. How important is the waste of "Defect/Rework” in the FLOW phase of construction
1 2 3 4 5

Not Important Extremely Important

17. How important is the waste of "Overproduction” in the FLOW phase of
construction

Not Important Extremely Important
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18. How important is the waste of "Waiting" in the FLOW phase of construction

1 2 3 - 5

Not Important Extremely Important

19. How important is the waste of "Non-Utilized Talent” in the FLOW phase of
construction

1 2 3 4 5

Not Important Extremely Important

20. How important is the waste of "Transportation” in the FLOW phase of construction

1 2 3 - 5

Not Important Extremely Important

21. How important is the waste of "Inventory” in the FLOW phase of construction

Not Important Extremely Important

22. How important is the waste of "Motion" in the FLOW phase of construction

Not Important Extremely Important

23. How important is the waste of "Extra-Processing” in the FLOW phase of
construction

Not Important Extremely Important
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24. How important is the waste of "Making-Do" in the FLOW phase of construction

1 2 3 - 5

Not Important Extremely Important

25. How important is the waste of "Defect/Rework” in the VALUE phase of construction

1 2 3 - 5

Not Important Extremely Important

26. How important is the waste of "Overproduction” in the VALUE phase of
construction

1 2 3 4 5
Not Important Extremely Important
27. How important is the waste of "Waiting" in the VALUE phase of construction
1 2 3 4 5

Not Important Extremely Important

28. How important is the waste of "Non-Utilized Talent” in the VALUE phase of
construction

1 2 3 - 5

Not Important Extremely Important

29.  How important is the waste of "Transportation” in the VALUE phase of construction

Not Important Extremely Important
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30. How important is the waste of "Inventory” in the VALUE phase of construction

Not Important Extremely Important

31. How important is the waste of "Motion" in the VALUE phase of construction

Not Important Extremely Important

32. How important is the waste of "Extra-Processing” in the VALUE phase of
construction

1 2 3 4 5
Not Important Extremely Important

33. How important is the waste of "Making-Do" in the VALUE phase of construction

Not Important Extremely Important
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APPENDIX Ill: RESEARCH SURVEY 2

My name is Charles Igwe, a doctoral student at Concordia University Montreal conducting research in lean
construction. The objective of this questionnaire is to rank the factors promoting the occurrence of lean
construction wastes (also referred to as non-physical wastes) in highway projects using the Analytical
Hierarchical Process (AHP). The goal of the research is to provide a pairwise comparison for factors
promoting LC wastes and assign priority weights to the factors. The multi-criteria decision-making hierarchy
for the criteria and factors is attached to the survey questionnaire. The scope of the survey is limited to
performing pairwise comparisons for only the level 2 criteria of the MCDM hierarchy.

Please feel free to share the survey link with colleagues and peers in the construction domain.

Confidentiality
e The information provided will be used only in support of this research project
e Completing this survey is completely voluntary
e All participant information (names, organization and email address) will be kept confidential, and
you will receive a copy of the analyzed results upon request.

If you have any concerns about this survey, please contact: Charles Igwe (c_igwe@live.concordia.ca).

We would like to thank you in advance for your assistance.

Sincerely

Charles Igwe

Doctoral Student

Department of Building, Civil and Environmental Engineering
Concordia University

Montreal, Quebec
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Lean Wastes

The goal of this survey is to derive priorities for the critical factors (Level 2) that impact
wastes in highway construction projects based on the transformation, flow, value process
(shown below). The MCDM hierarchy (shown below) was designed based on an extensive

literature review.
* Required

TRV Process

Description

Transformation view

Flow view

Value generation view

Conceptualization
of construction as

Direct transformation
of construction inputs

The flow of materials
composed of procurement,

Creating value for the
client by fulfilling his stated

construction process
is more efficient

all non-value adding
activities (waste)

production into outputs inspection, moving, waiting requirements
and transformation
Main principles Ensures that the Elimination and reduction of | Ensures the best

functicnal worth alternative
is selected ta
reduce/eliminate value
loss

Procedures

Wark breakdown
structure, materials
requirement planning,
organizational
responsibility chart

| ast planner system to
facilitate pull production and
continuous flow of work

Value stream mapping,
quality function
deployment

Contribution o
the construction
process

Ensure that what has
to be done is done

Ensures that whatis
unnecessary is done as little
as possible

Ensures client
requirements are met in
the best possible manner
with the least possible cost
for the stated quality

requirement

Prioriizing Factors Promoting Lean Waste in

Utban Highway Construction
|
LEVEL 1 Wastes associted with Wastes associated with Wastes assocnted wifh
TRANSFORMATION FLOWS VALUE
: [ 1 l—l—l I I ]
LEVvEL: | | Planmngand | | Comstruction | | Qulity | | Besowee | | Desimand | | Decision Making Supervision Westher External
Scheduling Methods - Avatlability || | Documentation Approach Contral Conditions
F=———— === == — fr=———— T - = T —"—"—- e Bl et T .
I | | LastPlanmer | | | BalE.m:ed FirstRm ||| Resowce ||| Design-Bid- MCDM Manapement
I System Cantilever Studies Forecasting Buld Techniques Stk
I |
=l U emu | sredbrication | | Qulity | || Resowee (||
| E ) FERRER Assurance Allocaion ||| DeiEvBuld
[ : .
Linear Quality Fesowrcs Lo
| e H ) - y ! i H ]
| E Scheduling Spanby Span Control Levelling Mault-Frime
-
: - Incremental Provcess || Constraction
L Launching Mappine Mer. atrisk
| Alemative
- M U

IJ Arch Mehod Project Delivery
: H Cabile-Stayed
|
: 4 CastinSitu
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A-1)With respect to minimizing wastes in the TRANSFORMATION phase of highway
construction projects, how important is selecting the "right" planning and
scheduling technigue to selecting the "right" construction method? *

() Extremely more Important (9)

() Strongly more Important (7)

() More Important (5)

() Slightly more Important (3)
() Equally Important (1)
() Slightly less Important (3)
() Less Important (5)

’_ Strongly less Important (7)

() Extremely less Important (9)

A-2)With respect to minimizing wastes in the TRANSFORMATION phase of highway
construction projects, how important is selecting the "right" planning and
scheduling technique to ensuring the client quality expectations are achieved? *

() Extremely more Important (9)
() Strongly more Important (7)
() More Important (5)

() Slightly more Important (3)
() Equally Important (1)
() Slightly less Important (3)
() Less Important (5)

() Strongly less Important (7)

() Extremely less Important (9)
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A-3)With respect to minimizing wastes in the TRANSFORMATION phase of highway
construction projects, how important is the chosen construction method to
ensuring client quality expectations are achieved? *

(") Extremely more Important (9)
(") Strongly more Important (7)
(") More Important (5)

(") Slightly more Important (3)
() Equally Important (1)

(") Slightly less Important (3)
(") Less Important (5)

(") Strongly less Important (7)
() Extremely less Important (9)

B-1) With respect to minimizing wastes in the FLOW phase of highway construction
projects, what is the relative importance of resource availability to design and
documentation in achieving successful project delivery? *

() Extremely more Important (9)

_ Strongly more Important (7)

() More Important (5)

() Slightly more Important (3)

() Equally Important (1)

(") Slightly less Important (3)

() Less Important (5)

’_ Strongly less Important (7)

() Extremely less Important (9)
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C-1) With respect to minimizing wastes in the VALUE phase of highway construction
projects, what is the relative importance of the decision making approach to
supervision and control in achieving successful project delivery? *

(") Extremely more Important (9)
_ Strongly more Important (7)
(") More Important (5)

() Slightly more Important (3)
() Equally Important (1)
() Slightly less Important (3)
(") Less Important (5)

() Strongly less Important (7)

() Extremely less Important (9)

C-2) With respect to minimizing wastes in the VALUE phase of highway construction
projects, what is the relative importance of the decision-making approach to
weather/external conditions in achieving successful project delivery? *

(") Extremely more Important (9)
(") Strongly more Important (7)
(") More Important (5)

(") Slightly more Important (3)
() Equally Important (1)
() Slightly less Important (3)
(") Less Important (5)

() Strongly less Important (7)

() Extremely less Important (9)
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C-3) With respect to minimizing wastes in the VALUE phase of highway construction
projects, what is the relative importance of supervision/control to weather/external
conditions in achieving successful project delivery? *

() Extremely more Important (9)
Strongly more Important (7)

() More Important (5)

() Slightly more Important (3)

) Equally Important (1)

() Slightly less Important (3)

) Less Important (5)

_'f': Strongly less Important (7)

_ Extremely less Important (9)

D-1) How many years of practical experience do you possess? *

D-2) What is your position within your organization? *

D-3) What type of project is your organization typically involved in? *

D-4) Would you like to be sent a copy of the survey results? *

) Yes

) No
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D-5) If you answered "Yes" to the previous please provide your email address.

D-6) Would you like to be contacted for the second phase of the data collection? *

) Yes
C )No

D-7) If you answered "Yes" to the previous please provide your email address.
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APPENDIX Ill: DETAILED AHP ANALYSIS

Step 1: To compute the weights for the different criteria, an m x m real matrix designated as matrix
A is constructed where m is the number of evaluation criteria considered, with each entry aj of
the matrix A representing the importance of the jth criterion relative to the kth criterion. If ax > 1,
then the jth criterion is more important than the kth criterion. However, if ax < 1, then the jth
criterion is less important than the kth criterion. If two criteria have the same importance, then the

entry ayis 1.

A11 A12 A13
Matrix A/k = A21 A22 A23
Az1 A3z Az
Level 2 comparison matrix
Planning Construction method | Quality
Planning 1.00 2.00 6.00
Construction method | 0.50 1.00 4.00
Quality 0.17 0.25 1.00
Total 1.67 3.25 11.00

Step 2: The normalized pairwise comparison matrix (Anom) is computed as

_ . A gy
gk T i
Ay
=1
Level 2 normalized matrix (Anorm)
Planning Construction method | Quality

Planning 0.60 0.62 0.55
Construction method | 0.30 0.31 0.36
Quality 0.10 0.08 0.09

Step 3: The criteria weight w is built by averaging the entries on each row of Anomi.e

m
>.a;
=1

m

]/[,J =
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Criteria Weight (w)
Planning Construction method | Quality w
Planning 0.60 0.62 0.55 0.59
Construction method 0.30 0.31 0.36 0.32
Quality 0.10 0.08 0.09 0.09

Appendix

Step 4: There are sub-processes involved in checking the consistency of the responses. Each
value in the first column of the pairwise comparison matrix is multiplied by the criteria weight of
the first item considered. The same procedure is applied for other items on the matrix. The
weighted sum is then obtained by the summation of the values across the rows.

1.00 2.00 6.00 0.59 0.65 0.54 1.77
0.59 [0.50] +0.32 [1.00] +0.09 [4.00 = [0.29] + [0.32] + [0.36] = [0.97]

0.17 0.25 1.00 0.10 0.08 0.09 0.27

The elements of the vector of the weighted sum are then divided by the corresponding criteria

weight. The eigenvalue (Amax) is obtained as the average of the resulting row matrix:

1.77/0.59 3.02
[0.97/0.32] = 3.01]
0.27/0.09 3.00

3.02 4+ 3.01 + 3.00
Amax = 3 = 3.01

The consistency index (Cl) is thereafter obtained using the formula:

_ Amax—n_ 3.01-3

[ = = 0.004
C 31 0.0046

n—1
Step 5: Finally, the consistency ratio is (CR) is computed by comparing it with the appropriate

consistency index called the Random Consistency Index (RI) shown in Table 4.

CI _ 0.0046
RI 058

CR = =0.008 < 0.1

Since the CR obtained is less than 0.10, we can assume our judgment matrix is reasonably
consistent. A perfectly consistent decision-maker should always obtain Cl = 0, but small values

of inconsistency may be tolerated, if:

<01
RI
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