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 Abstract 

Abstract

This thesis presents a process model to support the synchronisation of 
work-flow and resource-flows in construction projects. The process model is 
based on a combination of Information and Communication Technologies 
(ICT) and construction management methods. 

Work-flow is defined as the flow of work on-site, i.e. activities, carried out by 
the construction workers on the construction site. The work on-site requires 
different kind of resources. These resources have also to flow to and within the 
construction site. This is defined as resource-flow. 

Planning of construction projects does not only concern the planning of work 
on-site, each material must be delivered in time, drawings must be available 
when an activity starts, subcontractors must show up when they are required, 
etc. These plans are not automatically coordinated during the course of a 
construction project, i.e. the site manager and its supporting team has a lot to 
keep track of during the project. 

VDC methods can support the management of the construction work during the 
project duration and activities and flows must be managed simultaneously. 
This is only possible when the site manager supported by its project team and 
foremen can manage these two flows in real-time according to the execution of 
work on-site, i.e. the work-flow and resource-flows must be synchronised. The 
author proposes a process model based on a number of techniques and methods 
that can address this need. This is the ´Big Idea´ of this thesis 

The objective of this research is to find a suitable process of working with 
Virtual Design and Construction (VDC) methods to support and synchronise 
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the flow of information, material, construction workers and required resources 
on construction sites. The research aims to provide a process model including 
techniques and methods which can be used by site managers, supported by its 
project team and foremen, to reduce waste and improve productivity of the 
construction work on-site. 

The research is based on literature studies of construction management, ICT 
and VDC methods in combination with qualitative investigations and studies of 
two construction projects.

The result of this research is a proposed process model for on-site production 
synchronisation. The main parts of the process model includes Building
Information Models (BIM), Location-Based Planning (LBP), 4D modelling, 
and Field Force Automation (FFA). The architecture of the model is built to 
support flow of work and resources, real-time synchronisation, and the Last 
Planner System of production control. 

The combination of techniques and methods enables faster follow-up, 
benchmarking and reuse of experience of on-site production. This allows 
construction projects not only to be followed-up regarding economy, but also 
regarding productivity, common errors, etc. In that way the productivity in 
construction can increase. 

The next step in this research is to evaluate the proposed process model in 
several case studies. The model will be evaluated step-by-step before the entire 
process is evaluated. 

Key words: Location-Based Planning, 4D modelling, Mobile Computing, 
Synchronisation, Flow, Process modelling 

II



 Contents 

Contents

ABSTRACT.........................................................................................................I 

CONTENTS...................................................................................................... III 

PREFACE ..........................................................................................................V 

ABBREVIATIONS ........................................................................................ VII 

1 INTRODUCTION .....................................................................................1 
1.1 Background and motivation .............................................................1 
1.2 Aim and objective ............................................................................5 
1.3 Research questions ...........................................................................5 
1.4 Limitations .......................................................................................7 
1.5 Thesis guide .....................................................................................7 

1.5.1 Definitions ............................................................................7 
1.5.2 Target audience ....................................................................8 
1.5.3 Outline ..................................................................................9 
1.5.4 Appended papers ................................................................10 

1.6 Publications ....................................................................................11 

2 METHODOLOGY ..................................................................................13 
2.1 Research process ............................................................................13 

2.1.1 Data collection methods .....................................................13 
2.1.2 Analysis of qualitative data ................................................16 

2.2 Research design..............................................................................16 
2.3 Validation and generalisation.........................................................20 

2.3.1 Researcher’s frame of reference.........................................20 

3 THEORETICAL FRAMEWORK...........................................................21 

 III 



On-Site Construction Synchronisation 

3.1 Virtual Design and Construction (VDC) ....................................... 21 
3.1.1 Building Information Modelling ........................................ 22 
3.1.2 Information exchange......................................................... 23 

3.2 Construction project management ................................................. 24 
3.2.1 The Activity-Based Planning method ................................ 25 
3.2.2 The Location-Based Planning method............................... 32 
3.2.3 4D modelling...................................................................... 35 
3.2.4 Managing job site and construction operations.................. 36 
3.2.5 Monitoring the project performance .................................. 40 

3.3 Mobile computing.......................................................................... 43 
3.3.1 Field Force Automation ..................................................... 45 
3.3.2 Application in construction ................................................ 47 

3.4 Conclusion and discussion............................................................. 48 

4 SUMMARY OF PAPERS....................................................................... 55 
4.1 Summary of paper I ....................................................................... 55 
4.2 Summary of paper II ...................................................................... 58 
4.3 Summary of paper III..................................................................... 60 

5 THE PROPOSED PROCESS MODEL .................................................. 63 
5.1 Main architecture ........................................................................... 63 
5.2 Building Information Models and quantity take-off ...................... 64 
5.3 Scheduling and 4D modelling........................................................ 65 
5.4 Construction synchronisation and report ....................................... 67 

6 DISCUSSION AND CONCLUSION..................................................... 71 
6.1 Addressing the research questions ................................................. 71 
6.2 Contribution of this research.......................................................... 76 
6.3 Validation and generalisation ........................................................ 77 
6.4 Suggestion for further research...................................................... 78 

REFERENCES ................................................................................................. 81 

APPENDIX

 PAPER I 
PAPER II 
PAPER III 
PROCESS MODEL 

IV



 Preface 

Preface 

This licentiate thesis is based on the research work carried out at Luleå 
University of Technology between April 2006 and November 2008. In 
December 2005 I presented my master thesis work and was at the same time 
asked to continue at the university as a Ph.D. student. Before that I had never 
had an idea of becoming a researcher. But my final answer was ´yes´, a 
decision that I do not regret today. 

I started my research as a Ph.D. student at the research group of Concrete 
Structures to later follow my Professor Thomas Olofsson to the newly 
established research group Construction Engineering which has a deep 
collaboration with the research group of Construction Management. 

First of all, I would like to express my gratitude to my scientific advisors 
Professor Thomas Olofsson and Assistant Professor Rogier Jongeling. Thomas, 
thank you for always taking your time and supporting me no matter how busy 
you are yourself. You are a very positive person who always looks for 
opportunities which you also spread to your students. Rogier, thank you for 
teaching me in scientific thinking and writing. Your comments are often a bit 
ingenious which pushes me to really have to think about what you are looking 
for.

During this period I have joined the research project Industrialized processes 
supported by an open Virtual Building Environment (inVBE) where I among 
other things have been studying a couple of ongoing construction projects. I 
would like to thank my colleagues at inVBE for many interesting discussions 
during the development of the proposed process model presented in this thesis. 
A special thank to Lennart Isaksson who is the co-writer to one of my 

 V 



On-Site Construction Synchronisation 

appended papers. I would also like to thank all kind people at NCC and Wäst-
Bygg who let me take part of their projects and who took their time to discuss 
my findings.

I would also like to thank the research group of Concrete Structures, especially 
Professor Mats Emborg who has been, and will be, involved, in my research. 
Thank you to the research group of Construction Management who has taken 
me in with open arms. 

As a Ph.D. student at Luleå University of Technology I have of course met 
other Ph.D. students who have become my friends and whom I would like to 
thank.

At the beginning of this academic journey I met a very nice and pleasant 
African man, Romuald Rwamamara. Thank you Rom for always being so kind. 
At the end of this research I met a very happy and shining German woman, 
Jutta Shade. Jutta, you are always spreading happiness where you are. 

I would also like to thank the two Peters, Simonsson respectively Wallström, 
who has been working with me during the research. In addition, Mr. 
Simonsson was the discussion leader at my pie seminar. Thank you Peters. 

This summer I travelled to a conference in Santiago de Chile with two happy 
guys, Gustav Jansson and Patrik Jensen. Thank you guys for making that 
journey to such a memorable trip. And a special thank to Michaela because… 
you look so nice with your tiny hat. 

My last speech of thanks goes to my greatest love Caroline. You are a big part 
of my life and I am always looking forward to see you. We are always mixing 
laughs and doing crazy things with serious discussions. Thank you for helping 
me during this research by reading papers, discussing construction related 
topics, and for being understanding about why I have to spend some evenings 
and weekends at my office. You are just absolutely beautiful. 

Luleå, November 2008 

___________________________
Håkan Norberg 

VI



 Abbreviations 

Abbreviations 

3D The three dimensions in space (x, y, and z). 

3G The third generation of mobile phone standards and 
technology.

4D 3D + the time dimension. 

ABP Activity-Based Planning 

AEC Architecture, Engineering and Construction 

BIM Building Information Model/Modelling 

BoQ Bill of Quantities 

AD Actual Duration 

AF Actual Finish 

AS Actual Start 

CAD Computer Aided Design 

CIFE Center for Integrated Facility Engineering 

CPM Critical Path Method 

CRM Customer Relationship Management 

 VII 



On-Site Construction Synchronisation 

ERP Enterprise Resource Planning 

EF Early Finish 

ES Early Start 

FFA Field Force Automation 

GIS Geographic Information System 

GPRS General Packet Radio Services 

GSM Global System for Mobile 

IAI International Alliance for Interoperability 

ICMMS Integrated Contract Management and Monitoring System 

ICT Information and Communication Technology 

IFC Industry Foundation Classes 

inVBE The research project Industrialized processes supported by an 
open Virtual Building Environment 

IT Information Technology 

LBP Location-Based Planning 

LBS Location Breakdown Structure 

LF Late Finish 

LPS The Last Planner System of production control 

LS Late Start 

PDA Personal Digital Assistant 

RFID Radio Frequency Identification 

VIII



 Abbreviations 

SBUF The Swedish construction industry's organisation for research 
and development (Svenska Byggbranschens Utvecklingsfond in 
Swedish)

SOU Official Investigations by the Government (Statens Offentliga 
Utredningar in Swedish) 

USB Universal Serial Bus 

VDC Virtual Design and Construction 

WBS Work Breakdown Structure 

WLAN Wireless Local Area Network 

XML eXtensible Mark-up Language 

 IX 





Introduction 

1 INTRODUCTION

In this chapter the background and motivation for the thesis are presented 
followed by the aim, objective, research questions and limitations of the 
research. A guide to the thesis is included where definitions are explained, the 
target audience is suggested, the thesis outline is given and a short summary of 
the appended papers are presented. The chapter is closed with a short 
presentation of publications by the author not appended in this thesis. 

1.1 Background and motivation 

The construction industry employs approximately ten percent of the Swedish 
working population and it affects most of everyday life, e.g. homes, working 
places, roads, bridges, electricity, water, etc. Slightly more than thirty percent 
of the household income is spent on housing costs. Thus, the construction 
industry is important to the society and its economy, i.e. a well working 
building sector is an important public interest. But the construction industry is 
struggling with problems, such as low quality and increasing costs in 
comparison to the consumer price index. In comparison to the manufacturing 
industry both the productivity development and the technical development are 
lower. (SOU, 2000, SOU, 2002)

Several studies indicate that there is a lot of waste in the construction industry 
(Josephson and Hammarlund, 1999, Love and Edwards, 2005, Josephson and 
Saukkoriipi, 2005) which in turn prevents the productivity development. The 
view of waste differs between researchers but in this thesis waste is defined as 
all work that does not add direct value to the project, such as preparations, 
instructions, getting material waiting, disruptions, etc.

 1 
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The waste affects the work-flow on-site which is defined as the flow of work 
on-site, i.e. activities, carried out by the construction workers on the 
construction site. The work on-site requires different kind of resources. These 
resources have also to flow to and within the construction site. This is defined 
as resource-flow. 

The meaning of flow can be illustrated with following example. A systematic 
mapping of construction workers has been done over a period of twenty days. 
The work time was divided into eight categories and the work was observed by 
a trained observer during the observation period. The observations were 
registered every two minutes. The sampling data is chronologically presented 
in Figure 1.1 and Figure 1.2 where each colour represents a work time 
category. (Vrotsou et al., 2008) 

a) b) c)

Figure 1.1: Visual representation of the observed data. a) A single 
observation day viewed from the front. b) A rotated view of two 
observation days. c) All observations days viewed from the 
front. (Vrotsou et al., 2008) 

The vertical bar in Figure 1.1 a) is rotated and scaled up in Figure 1.2. (green: 
direct work, purple: indirect work, yellow: material handling, blue: work 
planning, red: waiting, turquoise: unused time, pink: interruptions, and orange: 
other actions) (Vrotsou et al., 2008) 
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Start of day End of day

Figure 1.2: Visual representation of the vertical bar in Figure 1.1 a) 
presented horizontally and scaled up. 

The result shows that there is a discontinuous work-flow on-site, illustrated by 
the frequently changing of colours in Figure 1.2. This discontinuity of work 
results in low productivity on-site. Construction workers are not provided with 
the required conditions needed to keep the work going and are often forced to, 
if possible, switch to another task or have to get the prerequisites in place. 
Construction workers can not be productive when required to switch between 
activities or execute multiple activities at the same time, working under 
suboptimal work space conditions etc. 

For example, if a carpenter is putting up non-bearing inner walls in a specific 
apartment but runs out of plasterboards, he/she needs to go out on the site and 
look for more material. To get the boards in to the apartment a crane is 
required and if the crane is busy the carpenter has to wait until it is available. 
To handle the bundle of boards lifted by the crane, the carpenter requires help 
from another construction worker on-site, which in turn has to break his/her 
progressing work. Finally when the boards are placed in position the carpenter 
will not directly be fully productive, due to set-up time. Also, if several crews 
are working in the same location, the risk that the construction workers will 
interfere with each other is high which results in low productivity.

When taking a look into what should be planned and controlled and how the 
work is planned and controlled it becomes clearer that the results from the 
study by Vrotsou et al.(2008) are not very surprising.

The author visited numerous construction sites during the research work and 
found that planning and control of construction work is mostly done using 
different types of schedules in combination with a considerable number of 
construction discipline-specific 2D drawings. Common documents on-site are 
master schedules, schedules for individual crews, schedules for work by sub-
contractors, weekly work plans, delivery schedules, procurement schedules, 
equipment schedules, etc.  

Documents are found in digital format, but mostly in paper format, spread 
among different actors on site. Most of the documentation is found in the 
construction shops and some is carried by the foreman and workers on site. 
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Drawings and schedules are often annotated using coloured markers in order to 
explain the work to be carried out. Workers carry these instructions with them 
and report progress or deviations from the schedule by contacting their 
foreman directly and verbally using mobile phones or by entering the 
necessary information themselves, in order to keep the documentation up to 
date. The site manager and site engineers process the information reported 
back from the construction site. 

Coordinated and up-to-date documentation, such as schedules, work 
instructions and drawings, are prerequisites to provide with controlled 
conditions in which construction work is to be carried out. The process of 
scheduling the work, explaining what should be done and how it should be 
done is challenging. Especially since the information is spread among a large 
number of documents, which in many cases are not straightforward to 
interpret. Most of us who have tried to read a reinforcement drawing for a 
concrete basement with a number of different levels can agree that due to the 
abstract and distributed way the information is presented one has difficulties to 
understand how the product will look like when finished, let alone that one is 
provided with a clear picture of the process of getting to a finished product. 

It is in other words difficult to understand what is to be done. It is even more 
challenging to understand and to reason how work is to be done, how to 
manage the various resources flows and how to act in case of deviations from 
planned work. Since paper-based documentation is used it is difficult to 
distribute information promptly when not co-located and to guarantee that the 
all involved actors receive, understand or report the right information. Another 
factor that complicates the information handling on site is the fact that many 
construction crews only temporally work on-site because of sub-contracted 
work or specialized trades. The result of this praxis that is based on document-
based information handling is a poor or total lack of synchronisation between 
construction activities and the flow of the various required resources.

In addition, in construction projects the availability of work locations is limited 
due to the fact that work locations are shared among many disciplines which 
often results in time-space conflicts, i.e. one crew has to wait for another crew 
to finish their work in a specific location before the second crew can start their 
work. Also, the spatial layout of a construction site changes dynamically 
during the course of the construction process, adding to the complexity of 
managing the construction work as a continuous flow. Thus, the spatial 
dimension must be considered in construction planning. 
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Planning of construction projects does not only concern the planning of work 
on-site, each material must be delivered in time, drawings must be available 
when an activity starts, subcontractors must show up when they are required, 
etc. These plans are not automatically coordinated during the course of a 
construction project, i.e. the site manager and its supporting team has a lot to 
keep track of during the project. 

Fischer and Kunz (2004) state that the major opportunity for improving the 
construction of facilities lies at the interfaces between disciplines. Finding a 
way to participate in such an integrated construction process will be a key 
challenge and opportunity for individuals and firms in the foreseeable future. 
They suggest that applying Virtual Design and Construction (VDC) methods, 
based on integrated multi-disciplinary performance models, is such a way. 

VDC methods have so far mostly been applied in the design phase of projects, 
but are started to be adapted in construction. This research aims to apply VDC 
methods in order to manage construction activities and flows simultaneously.  

If site managers, supported by their project teams and foremen, could manage 
flow and activities in real-time with work and the required resources planned 
and controlled in a synchronised way, then one creates conditions for increased 
productivity and reduced waste on construction sites. The author proposes a 
process model based on a number of VDC and ICT techniques and methods 
that can address this need. This is the ´Big Idea´ of this thesis 

1.2 Aim and objective 

The objective of this research is to find a suitable process of working with 
Virtual Design and Construction (VDC) methods to support and synchronise 
the flow of information, material, construction workers and required resources 
on construction sites. The research aims to provide a process model including 
techniques and methods which can be used by site managers, supported by its 
project team and foremen, to reduce waste and improve productivity of the 
construction work on-site. 

1.3 Research questions 

The study addresses four research questions where the first two questions are 
aimed to gather an insight in the characteristics of on-site construction 
management. The last two questions are aimed at proposing suitable methods 
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for managing construction projects, but also to propose a suitable working 
process using these proposed methods. 

The answers to these questions are derived from the appended papers and are 
summarised in chapter 6.1, “Addressing the research questions”.

Research question I 

What planning methods are suitable in construction to plan the spatial 
dimension of construction work? 

This question aims to investigate how the spatial dimension is taken into 
consideration during the planning of construction work today. In addition this 
question also aims to get an insight in different planning methods and 
scheduling techniques, to provide an understanding of suitable methods to be 
used to capture the spatial dimension in construction planning.  

Research question II 

To successfully complete an activity on the construction site there are several 
flows of resources that must be managed 

Which are the resource-flows in construction, and what affects these flows? 

Research question III 

Which methods are suitable to manage the resource-flows on construction 
sites?

This question can actually be divided in two parts. Firstly, which methods can 
be used to manage the work-flow on-site in order to avoid time-space 
conflicts? Secondly, which methods can be used to support the resource-flows 
during the project duration? 

Research question IV 

How can the work on-site be managed to synchronise the flow of resources? 

How can the conditions for the completion of activities be fulfilled in a 
productive way and at the same time with a minimum of waste? The challenge 
is to provide a process that is able to synchronise the different flows. Research 
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question IV aims to provide a process model that allows the proposed methods 
to be combined in an effective way. 

1.4 Limitations 

The study has been limited to the construction site and the management of 
on-site activities normally conducted by the site manager. Thus, activities 
normally conducted during for example the design, cost estimation and bidding 
phase have not been in focus in this study. The studied projects have been of 
residential character made up by a concrete structure. Also, the research has 
been limited to find and propose a suitable method for construction 
synchronisation, not to implement and verify the proposed process. 

1.5 Thesis guide 

This section aims to guide the reader through the thesis. First, some frequent 
used definitions are explained to clarify what the author means with these 
definitions. This section is followed by a description of possible readers, a 
guide to the outline of the thesis, and finally a short summary of the appended 
papers.

1.5.1 Definitions

There are a number of terms and definitions that are referred to throughout this 
thesis. These are explained below to avoid misunderstanding by the reader. 
Some of the terms and definitions with similar meanings are compared against 
each other while others are explained one by one. Note that the definitions 
described below are only applied in this thesis, not in the appended papers. 

Activity vs. Task 

These words are often defined in different ways. To clarify the difference of 
activities and tasks in this thesis the author describes them as follow. An 
activity in the schedule is made up by several tasks. E.g. the activity ‘Erect 
non-bearing wall’ shown in the schedule consists of several tasks, such as 
mounting of frames and plasterboards. 

Coordination vs. Synchronisation 

Hornby et al. (2000) define coordination and synchronisation in the following 
way. Coordination is the act of making things work together in an efficient and 
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organised way. Synchronisation is to make things happen at the same time or 
to move at the same speed. Both definitions are applied in this thesis. 

Information and Communication Technology (ICT) vs. Virtual Design 
and Construction (VDC) 

Kunz and Fischer (2008) define Virtual Design and Construction as the use of 
integrated multi-disciplinary performance models of design-construction 
projects to support explicit and public business objectives. Information and 
Communication Technology in construction are the tools and technology 
utilised to create, communicate and exchange the multi-disciplinary 
performance models. Thus, VDC is the process of using ICT. 

Planning methods vs. Scheduling techniques 

In this thesis, the definitions of planning methods and scheduling techniques 
stated by Hendrickson and Au (1989) is used. Planning involves the choice of 
technology, the definition of work tasks, the estimation of the required 
resources and durations for individual tasks, and the identification of any 
interaction among the different work tasks. This thesis will describe two types 
of planning methods. Scheduling is intended to match the resources of 
equipment, materials and construction workers with project work tasks over 
time. There are different scheduling techniques available for construction. 

Work-flow vs. Resource-flow 

These two definitions are frequently used throughout this thesis and are 
therefore important to separate. The author defines work-flow as the flow of 
work on-site, i.e. activities, carried out by the construction workers on the 
construction site. Resource-flow is all the required resources to be able to 
execute an activity. 

1.5.2 Target audience 

This thesis is written as an academic assignment for the degree of licentiate of 
engineering. Since research in the field of ICT and VDC in construction is an 
applied science and the aim is to contribute to the development of this area, 
this thesis is written both for researchers and practitioners interested in 
developing the industry. Practitioners are primary to site managers, projects 
coordinators, and planners but also to the IT department of the companies. 
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The overall view of the research can be found in the five first chapters, while 
deeper insight of the study can be reached by also reading the three appended 
papers at the end of the thesis. 

1.5.3 Outline

The thesis is divided in the five following chapters. 

Chapter 1 introduces the reader with the background and motivation of this 
research. Also, the aim, objective, and research questions are presented. 

Chapter 2 gives an overview of the research design and describes the methods 
used during this study. 

Chapter 3 presents the theoretical framework and technologies on which this 
thesis is based on. The chapter is finally concluded with gaps and shortcomings 
in recent studies in the area. 

Chapter 4 presents a detailed summary of each appended paper including the 
title of the paper, authors, publication, research questions in focus, keywords, 
introduction and objective, method and finally the result and scientific 
contribution.

Chapter 5 describes the process model in detail. The chapter starts with a 
description of the techniques and methods used in the model. In addition, the 
integration between these techniques and methods are described. 

Chapter 6 offers conclusions, discussions and recommendations of future 
research. The research questions are first answered followed by a discussion 
about the contribution, validation, and generalisation of this thesis. 

The content of this thesis is based on three appended conference papers and the 
combined analysis of these results. These papers are briefly described below in 
chronological order. 
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1.5.4 Appended papers 

Paper I 

NORBERG, H., JONGELING, R. & OLOFSSON, T. (2006) Planning for cast-
in-place concrete construction using 4D CAD models and Line-of-
Balance scheduling. IN KUMAR, B. & SWARUP, P. R. (Eds.) The 
World IT Conference for Design and Construction, INCITE/ITCSED 
2006. New Delhi, India. 

The paper compares different planning methods according to the possibility to 
create work-flow on-site. In the first section a comparison between 
Activity-Based Planning (ABP) methods and Location-Based Planning (LBP) 
methods was made for the planning and scheduling of the bearing structure of 
three high rise buildings. The result, visualised by a 4D model, showed that 
unlike the ABP method, the LBP did support work-flow. In the last section, 
several ABP schedules were transformed into a LBP schedule for flow-
analysis. The analysis highlighted several scheduling errors made by the ABP 
method. 

Paper II 

NORBERG, H., OLOFSSON, T. & ISAKSSON, L. (2008) A process model 
for construction synchronization using time-space planning methods 
and Field Force Automation. IN RISCHMOLLER, L. (Ed.) CIB-W78
25th International Conference on Information Technology in 
Construction. Santiago, Chile 

The second paper presents a proposed process model construction 
synchronisation. The model, which is based on the three first research 
questions, shows a way of working with ICT and VDC in construction to plan 
and manage the flow of resources on construction sites. The second paper was 
actually written after paper III but it was presented three months earlier. 

Paper III 

NORBERG, H. & JONGELING, R. (2008) A model-based production 
planning and control method supporting delivery of cast-in-place 
concrete. 8th International Conference on Construction Applications of 
Virtual Reality 2008. Kuala Lumpur, Malaysia. 
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The third paper presents an investigation of the possibility of using on-site 
model-based quantity take-offs for supply chain management of cast in place 
concrete delivery. In addition, the paper reports the use of a LBP schedule used 
for visualising the desiccation durations of concrete against planned flooring 
activities. The paper concludes among other things that model-based quantity 
take-offs can be used on site but that it puts heavy demands on the use and 
definition of building information models. The use of a LBP schedule 
highlighted errors in the original schedule. 

1.6 Publications 

During this research the author has written a number of publications not 
included in this thesis. The work is briefly presented below. 

JONGELING, R., OLOFSSON, T. & NORBERG, H. (2007) Virtual 
Construction - Construction Planning and Simulation with 4D. Luleå, 
Luleå University of Technology, Department of Civil, Mining and 
Environmental Engineering. 

A course compendium used in a virtual construction course at Luleå University 
of Technology. The course has been given for three years and has been a part 
of an international distance e-learning postgraduate programme, developed and 
run by nine European universities (ITC Euromaster). 

NORBERG, H., WALLSTRÖM, P., OLOFSSON, T., SEGERSTEDT, A., 
TARANDI, V., ISAKSSON, L., OUTTERS, N. & BREMME, J. 
(2007) Byggsynkronisering - Etapp I. Luleå, Luleå tekniska universitet, 
Institutionen för samhällsbyggnad. 

A technical report written to the Swedish construction industry's organisation 
for research and development (SBUF) to report the results of the first step in 
the research project ´Industrialised processes supported by an open virtual 
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The main author of this paper is Doctor Romuald Rwamamara and the paper is 
appended in his doctoral thesis. The paper explores the use of virtual design 
impact on the planning of a healthy construction workplace. The research and 
writing of this paper was motivated by the need to know how virtual design 
using 3D and 4D modelling is used to address worker’s health issues in the 
planning process before the start of construction. 
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2 METHODOLOGY 

This chapter is introduced by a theoretical description of the chosen research 
design. These theories are then transformed into a more practical use in the 
research illustrated by two process models. The chapter is concluded with a 
description of the trustworthiness of this research. 

2.1 Research process

According to Ackoff (1972) science can not be defined since the meaning of 
science changes as it develops, but Ackoff (1972) also states that it is important 
to have a collective understanding of the conception science. Science should be 
considered as a research process where; a) questions are answered, b) problems 
are solved, and c) methods to answer questions and to solve problems are 
effectively developed. Further, Patel and Davidson (1994) states that the 
research process is about; a) identifying a problem, b) literature searching, c) 
selecting research design and technique, d) carrying out the investigation, e) 
analysing, and f) reporting. 

2.1.1 Data collection methods 

The method is an instrument to solve problems and to get knowledge (Holme 
and Solvang, 1997). There are different methods available to perform research 
and the challenge is to use the most suitable one to answer the specific question 
or to solve a specific problem. These methods are divided in two categories, 
namely qualitative and quantitative data collection methods. Qualitative 
research aims to clear the nature or the characteristics of a phenomenon, i.e. 
determine the implication of the phenomena. Quantitative research aims to 
determine sets, i.e. check of occurrence or frequency. (Widerberg, 2002)  
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The qualitative method allows the researcher to be close to the studied object 
which in turn captures the eccentricity of that particular object. This makes the 
study reliable but in the other way it prevents generalisation. This method is 
flexible considering the opportunity to change the planned layout during the 
investigation. Working with qualitative methods invites to extra knowledge and 
understanding of the particular area of research. This way of working gives the 
possibility to make relevant interpretations. (Holme and Solvang, 1997) 

In contrast to the qualitative method of collecting data the quantitative method 
allows the researcher to make statistical generalisations. This method demands 
that the layout of the research begins with a definition of the problem followed 
by a research plan. As soon as the plan is done and the research has started it is 
no longer possible to make changes in the layout. This implies that the 
relevance of the research must carefully be investigated. (Holme and Solvang, 
1997) Both methods can be combined within a specific research subject. 

Since this research only adopts the qualitative methods, examples of that type 
will be shown. Woksepp (2007) presents commonly used qualitative methods 
for collecting data in construction research; individual interviews, ethnographic 
research, direct observation, action research, and case studies. According to 
Yin (2003) the choice of method depends of; a) the type of research question, 
b) the control an investigator has over behavioural events, and c) the focus on 
contemporary as opposed to historical phenomena. The empirical study of this 
research is based on interviews and action research of construction projects 
which will be described below. 

- Action research - Robson (2002) states that the purpose of action research 
is to influence or change some aspect of whatever is the focus of the study. 
Improvement and involvement are central to action research. There are 
three kinds of improvement; 1) improvement of practice, 2) improvement 
of understanding the practice by its practitioners, and 3) improvement of 
the situation in which the practice take place. Collaboration between the 
researcher and those who are in focus of the research are typically also 
central to action research. The researcher often participates in the process. 
The method is commonly used to promote organisational change and 
development. The process of action research is seen as a spiral of; 1) 
planning a change, 2) acting and then observing what happens, 3) reflecting 
on theses processes and consequences, and 4) planning for further action. 
Then the cycle repeats continuously until the research is finished. 
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- Interviews - Wallén (1996) states that it is impossible to measure 
experiences but experiences can be gathered by interviews face to face. 
Interviews are commonly one-to-one and face-to-face, but they can also 
take place in group settings or by phone calls. Interviews can be used as the 
only approach in a study, as in a survey, but they can also be used in a 
combination with other methods. Three different types of interviews with 
open-ended questions will be discussed below: (Robson, 2002) 

- Fully structured interview has predetermined questions with fixed 
wording, usually in a pre-set order. The use of mainly open-response 
questions is the only essential difference from an interview-based 
survey questionnaire. 

- Semi-structured interview also uses predetermined questions, but the 
order can be modified based upon the interviewer’s perception of what 
seems most appropriate. Question wording can be changed and 
explanations given. Particular questions which seem inappropriate with 
a particular interviewee can be omitted, or additional ones included. 
During the interviews the researcher is be able to adjust the questions to 
suit each interviewee and is also able to ask follow-up questions 
(Wallén, 1996). 

- Unstructured interview allows the interview to be completely informal. 
The interviewer has a general area of interest and concern, but the 
conversation develops the most important aspect within that area. 

During the interviews the researcher must act as an individual, not as an 
objective expert, to get satisfying answers, i.e. a dialogue including giving-
and-taking. The subject should be about actual problems which directly 
affect the interviewee. During the study the researcher will go from a 
certain degree of ignorance and unfamiliarity to more of an uncritical 
takeover of the perspective of the interviewee. In the end the researcher 
will learn to act with both vicinity and distance, overview and a critical 
distance based on knowledge. (Wallén, 1996) 

The research in this thesis is based on action research in combination with 
semi-structured interviews and unstructured interviews. These methods are 
suitable in this study because of the aim of research has been to gather 
information of the ordinary way of working in construction projects and to 
propose future directions and get feedback for a more efficient construction 
process. This information can be gathered by working very close to the 
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research object. The action research applied is not complete since the proposed 
methods and process have not been implemented in practice, the results have 
only been discussed with the responsible persons. 

2.1.2 Analysis of qualitative data 

In qualitative research the collecting of data and the analysis goes hand in hand 
(Merriam, 1994, Widerberg, 2002). Further, Merriam (1994) states that the 
collected information must be analysed as it comes into existence to know what 
question to ask next or what to observe, i.e. collecting data and analysis are a 
recursive and dynamic process. Ideas, working hypothesis and intelligent 
guesses decide the focus of the research. These are then modified or confirmed 
during the research process. 

The analysis in this research has been in the form of discussing the results with 
the responsible persons of the studied objects, i.e. the researcher has proposed a 
method which has been accepted or rejected by the site personnel. 

2.2 Research design 

The research is based on the four following four research questions, stated in 
chapter 1.3; I) What planning methods are suitable in construction to plan the 
spatial dimension of construction work? II) Which are the resource-flows in 
construction, and what affects these flows? III) Which methods are suitable to 
manage the resource-flows on construction sites? and IV) How can the work 
on-site be managed to synchronise the flow of resources? The combinations of 
research questions, methods and output are shown in Table 2.1 below.

Table 2.1: Research question, -methods and -output. 

Research question Methods Output

I
Literature study 
Interviews
Study of project I 

Paper I 

II

Literature study 
Interviews
Study of project I 
Study of project II 

Paper II 
Paper III 

III Interviews
Study of project II 

Paper I 
Paper II 
Paper III 

IV Interviews Paper II
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The research process can be divided in two parts, the answering of the three 
first research questions and the creation of the proposed process model. The 
research started with a literature study, as shown in Figure 2.1, about Virtual 
Design and Construction (VDC), planning methods, and 4D modelling. A 
Ph.D. course in Lean Construction was also carried out which gave an insight 
in flow thinking. The study was carried out to; a) review previous and ongoing 
research, b) identify gaps in existing knowledge and research, and c) provide 
deeper knowledge. The literature has consisted of scientific journal articles, 
conference papers, technical reports, books, and theses. Popular science 
magazines and trade magazines has also been read, to provide knowledge of 
the current the state of the industry. The literature has been found in scientific 
databases, the database of the Swedish libraries, Google scholar, conference 
proceedings, and in reference lists of read materials. The following words have 
been used when searching for literature; VDC, Information and 
Communication Technology (ICT), construction management, construction 
planning, Location-Based Planning (LBP), lean construction, 4D modelling 
etc.

Figure 2.1: The research process aimed of answering the first three 
research questions. 

The literature study gave a theoretical background and possible answers to the 
research questions, but to ensure that the techniques and methods would work 
in practice, techniques and methods was tested in two on-going construction 
projects. The choice of construction projects was based on the suitability of 
performing the studies based on the proposed techniques and methods. 
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The first project provided the researcher with detailed information about 
production planning data. This data was compared to the theories of time-space 
planning methods and work-flow in construction. The second project was 
aimed at studies of different resource-flows in construction, such as material 
deliveries and other prerequisite for a productive work. 

The research process was similar for answering all three research questions. It 
started with semi-structured interviews with responsible persons in the studied 
projects. Interviews have been conducted with two site managers, one 
responsible person of the erection of bearing structures, two site engineers, one 
cost estimator, a ready-mixed concrete supplier, and members of a VDC 
course. These interviews were conducted to get an insight in the current way of 
working in contrast to the theory and to evaluate the new working methods 
proposed by the researcher. Further, the interviews highlighted problems and 
bottlenecks in today’s working methods. The choice of interviewees was based 
on the criteria that he/she should be interested in the development of the 
construction industry and in VDC methods. 

Studies, based on the research question in focus, were subsequently performed 
by the researcher and the results were evaluated with the interviewees. If the 
result of the study did not answer the research question, additional interviews 
were performed with following studies and evaluation. In contrast to research 
question one and three, the second research question is based on studies of both 
projects.

The second part of the research process model is shown in Figure 2.2 and aims 
to answer the last research question. The answers of the first three research 
questions in combination with an additional literature study served as a vision 
of a process model which can manage the work on-site and synchronise the 
flow of resources. The model was divided in the following four parts; 1) 
scheduling, 2) look-a-head planning, 3) commitment planning, and 4) learning. 
The structure of the model originates from a literature study of the construction 
management methodology ´The Last Planner System of production control´ 
(LPS).

The evaluation of each part started with a deeper literature study of the 
research area in focus. Examples of topics are 4D modelling, mobile 
computing, and the content of LPS. Semi-structured interviews were 
subsequently performed with a site manager of a large construction company. 
The choice of the interviewee was based on the criteria that he/she should 
already be familiar and working with some of the techniques and methods in 
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the process model. In addition, he/she should be positive to work with ICT and 
VDC.

VISION OF A 
PROCESS MODEL

ASWERS OF RQ 
I - III

LITERATURE STUDY 
AND INTERVIEWS

SCHEDULING LOOKAHEAD COMMITMENT LEARNING

PROPOSAL

LITERATURE STUDY 
AND INTERVIEWS

PROPOSAL

LITERATURE STUDY 
AND INTERVIEWS

PROPOSAL

LITERATURE STUDY 
AND INTERVIEWS

PROPOSAL

LITERATURE STUDY 
AND INTERVIEWS

PROPOSAL

ANSW. RQ IV

EVALUATION EVALUATION EVALUATION EVALUATION

EVALUATION

Figure 2.2: The research process aimed of answering the fourth research 
question.

Based on the literature studies and the interview a proposal of a working 
process was developed and evaluated with the site manager. If the proposed 
working process was accepted, next part of the process model was developed. 
If not, additional interviews were performed and a new working process was 
proposed and evaluated. When all parts of the process model were evaluated 
and accepted by the site manager the architecture of the final model was 
developed. This process was the similar as the process of developing each part. 
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2.3 Validation and generalisation 

The validity in research decides whether the collected information is valid or 
not. In qualitative research the validity depends much on the skills of the 
researcher in the form of the way the researcher understands studied situations 
or by the relation between the researcher and the involved in the study. (Holme 
and Solvang, 1997) In order to ensure the validity in this research the 
researcher’s frame of reference will be described below. The objective of 
reliability is to design the research in such a way that if the same research will 
be carried out again, followed by the same procedures, the result should be the 
same. (Yin, 2003) However, in qualitative research the aim is mainly to 
describe and understand phenomenon and is not focused on producing 
repeatable quantitative data (Holme and Solvang, 1997). Furthermore, it is 
important that scientific results can be generalised, i.e. the findings in this 
research should be able to be applied not only in the studied projects but also in 
other similar projects. This is the main weakness in this study, since the 
number of interviewees and studied construction companies is relatively small. 

2.3.1 Researcher’s frame of reference 

In order to strengthen the validity of this research a short description of the 
researcher’s frame of reference will be given. 

The researcher has spent five years becoming a M.Sc. in Civil Engineering at 
Luleå University of Technology. The conclusive Master Thesis (Forss and 
Norberg, 2006) dealt with some of the main theories of this research, such as 
4D modelling and LBP. This gave the researcher profound knowledge in 
mentioned theories before becoming a Ph.D. student. The researcher has also 
been able to teach some of the theories during this research. This has led to an 
obtained level of knowledge to be able to satisfy the students, both by 
answering and reflecting the questions given by the participants. In addition, 
the researcher has worked as an associate consultant at different construction 
projects during this research. According to the above, in combination with the 
great interest of the construction industry, the researcher believes he qualifies 
to carry out this research. 
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3 THEORETICAL FRAMEWORK 

This chapter presents the technologies and methods on which the research 
presented in this thesis is based. The chapter is finally concluded with gaps and 
shortcomings in recent studies in the area. 

3.1 Virtual Design and Construction (VDC) 

Since the early eighties Computer Aided Design (CAD) has become a more 
and more frequent used tool to create drawings in construction, but CAD has 
mainly been used as a digital drafting board rather than a design tool in the 
construction industry. The difference between these operations can be 
explained by a description between two types of CAD methods, entity-based 
modelling and object-based modelling. An entity-based CAD model is only 
represented by raw graphics, e.g. lines and arcs, with no information about 
building components. (Ibrahim and Krawczyk, 2003) In contrast to entity based 
CAD, object-based CAD constructs parametric objects such as walls, slabs and 
columns. The development of these CAD tools started more or less at the same 
time, but most of the industry preferred the entity-based tools, e.g. AutoCAD 
and MicroStation, due to hardware and software capability, i.e. object-based 
CAD, e.g. ArchiCAD and Nemetschek Allplan, required too much computer 
memory, storage and faster graphic displays. (Tse et al., 2005) 

In spite of the fact that entity-based CAD tools has been in a leading position in 
decades the object-based tool vendors did not stop the development of their 
products and in the late nineties, when the costs of computer systems 
decreased, the utilization of object-based CAD increased as well. Further, the 
vendors developed entity-based tools in the eighties now started to develop 
object-based CAD tools. These object-based CAD software tools are today 

 21 



On-Site Construction Synchronisation 

commonly known as Building Information Modelling (BIM) software. (Tse et 
al., 2005)

The improvements of software have increased the possibilities to integrate 
project information across disciplines and phases to create efficient work 
processes between the disciplines. Today, practically all project information is 
entered into some software or generated by computer programs and is 
represented in the many different formats used by the many disciplines 
involved in a project. (Fischer and Kunz, 2004) 

CIFE - Center for Integrated Facility Engineering, defines Virtual Design and 
Construction (VDC) is the use of integrated multi-disciplinary performance 
models of design-construction projects to support explicit and public business 
objectives. (Kunz and Fischer, 2008) 

3.1.1 Building Information Modelling 

Building Information Modelling (BIM) is the process of creating object-
oriented 3D CAD models. The verb BIM describes the process to create, store 
and use the noun BIM (Building Information Model). The noun BIM is a static 
representation of a building that contains multidisciplinary data that defines the 
building from the point of view of more than one discipline. A BIM also 
includes relationships and inheritances of each building component. (Bazjanac, 
2004) A 3D model that only defines a single view of a building, for example a 
structural engineers view, is not a BIM. This definition implies that a 3D model 
is not automatically a BIM since the model has to be object-oriented and 
contain information about the construction process and the product. A 3D 
model created just to visualize the graphic of building components are not per 
definition automatically a BIM. But a BIM can be the origin to a 3D 
visualization by adding textures etc. (Bazjanac, 2004) 

BIM operates on digital databases which enable to capture, manage, and 
present data in an appropriate way for each discipline. Such downstream 
applications start with capturing and managing the required information, and 
present that information back in appropriate way, and make it available for use 
and reuse during the project. (Ibrahim and Krawczyk, 2003) 

Laiserin (2007) defines BIM as a process to support communication (sharing 
data), collaboration (acting on shared data), simulation (using data for 
prediction), and optimisation (using feedback to improve design, 
documentation and delivery). This definition makes no reference to any
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software at all, but software can automate and improve that process. Potential 
areas for improvements are: 

- Accuracy - Complete and correct communication between project 
participants.  

- Consistency - Uniformity within a representation. 

- Integration - Linkage between related representations. 

- Coordination - Interference checking among disciplines. 

- Synchronisation - Achieving comparable levels of detail over time. 

A BIM project is a project in which information exchange mainly is performed 
using BIM software between different actors, i.e. there are different extents of 
BIM projects depending on in which way information is exchanged between 
different actors. For example, many actors are internally working with BIM 
software to speed up their process but when they deliver their information to 
other project participants they exchange information in a traditional way. There 
are a number of different reasons for this practice, which are of practical, 
organisational, cultural, and technical nature. In many cases there are no 
explicit requirements to deliver a BIM and actors are required to submit design 
documentation in a traditional way. Some actors do not trust the technology or 
are unsure about the legal status of a BIM and are therefore reluctant to share 
their model. In other cases information is not shared due to technical 
difficulties related for example to different data formats. These are just a 
number of examples of obstacles for sharing of model-based information. 
(Jongeling, 2008) 

3.1.2 Information exchange 

The need for exchange of complex information has successively grown in the 
construction industry from showing project specific solutions, from early 
design to production specifications. In addition to drawings and 3D models of 
the building, the construction industry wishes to exchange information about 
Bill of Quantities (BoQ), spaces, time, and costs etc. (Tarandi, 2003) 

This means that exchange is needed between different types of applications, 
such as, (Tarandi, 2003): 

- building elements between two different CAD systems in a project, 
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- building elements from a CAD system to an analysis tool, 

- BoQ from a CAD system to a cost estimation application, and 

- components and parts from data bases into CAD systems. 

The manufacturing industry has developed an object oriented standard (ISO 
STEP) for data exchange for products over the whole life cycle but the 
construction industry did not adopt that standard. (Tarandi, 2003) 

In the middle of 1990s the industry consortium International Alliance for 
Interoperability (IAI) started the development of a product modelling 
standardisation for the construction industry. The first version of the Industry 
Foundation Classes (IFC) was issued in 1997. Some software applications have 
been implemented based on this standard and tested in a number of pilot 
projects but the standard is not widely used in practice. (Howard and Björk, 
2008)

Besides the IAI and the development of IFC other organisations and groups are 
working with standardisation of information exchange but they are mainly 
considering smaller and more limited parts of the construction process. 
Examples are BoQ, tenders, and specifications, which can be defined by more 
simple formats, often based on the Extensible Mark-up Language (XML). 

3.2 Construction project management 

Patrick (2003) defines construction project management as “The planning, 
scheduling, evaluation, and controlling of construction tasks or activities to 
accomplish specific objectives by effectively allocating and utilising 
appropriate construction workers, material, and time resources in a manner 
that minimises costs and maximises customer/owner satisfaction.”

Hence, a construction manager should start his or her work with fixed 
prerequisites, such as written plans, specifications, and a raw piece of land. 
Then his or her job is to coordinate the materials, manpower, and equipment 
necessary to achieve the goals regarding time, cost, and quality stated in the 
beginning of the project. Several basic techniques and methods can be 
performed to achieve these goals and some of them which are applied in this 
research will be briefly described in this chapter. (Jackson, 2004) 
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Before the work on-site can start the project must be planned, estimated, 
sequenced and scheduled, see Figure 3.1.

PLANNING ESTIMATING SCHEDULINGSEQUENCING

Figure 3.1: The main activities which must be done before the work on-site 
can start. 

The content of these steps differs a bit depending of the planning method used 
in the project. Here, two methods will be described: the Activity-Based 
Planning (ABP) method and the Location-Based Planning (LBP) method. 

3.2.1 The Activity-Based Planning method 

The Activity-Based Planning (ABP) method assumes that the activities are 
discreet events on a predestined discrete location, such as the construction of a 
missile or a space vehicle. 

Planning and estimating the project 

Planning and estimating is the heart of creating a construction schedule. This is 
where all activities required to build the project are identified. This starts with 
performing a construction estimate, where the following questions have to be 
answered; 1) How many? (quantities), 2) How much? (pricing), and 3) How 
long? (productivity). There are different kinds of estimates in construction 
depending on the level of information available. Conceptual estimates are done 
with no drawings available at all and are often used in the initial stage of a 
project. Preliminary estimates are based on a set of preliminary drawings and 
may be used to establish initial budgets and preliminary financing scenarios. 
These estimates are typically done by multiplying the floor area with a unit 
price for the specific type of building. Detailed estimates are done when a 
complete set of plans and specifications are availably, i.e. this is where every 
brick and stick is counted, and are used for bidding on projects. (Jackson, 
2004) Throughout the rest of this thesis the meaning of estimate will refer to 
detailed estimates. 

To be able to perform an estimate the project must be divided into manageable 
sets of components or activities. This is called the Work Breakdown Structure 
(WBS) of the project. Patrick (2003) defines WBS as “a hierarchical system 
that represents the construction project in increasing levels of detail to define, 
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organise, and display the project work in measurable and manageable 
components”.

The WBS consists of different levels where level one is the least detailed level 
often representing the entire project. The project is then broken down into 
multiple activities typically categorised into specific work groups. (Patrick, 
2003) The WBS of the project in Figure 3.2 is in level two divided into ´site 
preparation´, ´buildings´, and ´support´. In the next level the buildings are 
further divided into three unique buildings (A, B, and C) which in turn are split 
into different types of building components and so on. This increasingly 
detailed process will continue until the WBS reaches a point where the project 
can be effectively managed (Patrick, 2003). 

Project

BuildingsSite
preparation Support

Building A Building B Building C

Sub-
structure

Super-
structure FittingsInstallations

Storey 0 Storey 1 Storey 3Storey 2

Level 1

Level 2

Level 3

Level 4

Inner walls Doors,
windows FlooringPainting

Level 5

Level 6

Figure 3.2: A WBS for a multi-storey building project. (Jongeling et al., 
2007b) 

The number of activities in the WBS grows quite rapidly and it is not unusual 
that a large construction project is broken down into several hundreds of 
activities. There is no specific rule about which level of detail a WBS should 
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have but a low level of detail may result in insufficient detail for effective 
planning, whereas a too high level of detail may become unmanageable and 
increase planning costs. It is generally the case that the WBS is poorly detailed 
rather than too detailed. (Patrick, 2003) According to Jackson (2004) the level 
of detail should correlate with the control level desired, i.e. to have enough 
activities and just the right amount of detail so that the work-flow effectively 
can be monitored and managed. Further, O'Brien and Plotnick (2005) states 
that a proper activity is a set of instructions, given to a competent foreman, 
who is then expected to complete such without any further supervision or 
interaction with other than his or her subordinates. 

When the WBS is created the first question (How many?) stated in the 
beginning of this chapter can be answered. This is done via a quantity take-off 
based on the WBS. To be able to answer the two last questions stated in the 
beginning of this chapter (´How much?´ and ´How long?´) the calculated 
quantities have to be linked to recipes of each activity. Figure 3.3 shows an 
example of a recipe of a specific inner wall, i.e. all information required to 
calculate costs and duration to build each square meter of this wall.  

Material Amount Euro Manhour
13+13 mm Plasterboard 1,00 sqm 5,0 0,32
Steel sheet bar 95mm 3,0 m 3,4 0,18
Ceiling rail 0,5 m 1,7 0,04
Floor rail 0,5 m 2,1 0,04
13+13 Plasterboard 1,00 sqm 5,0 0,32

Total material/sqm 17,1 0,9

Direct cost Euro
Material 17,1

Labour 160 €/h 15,4
Indirect cost

255% on labour 39,3
Total/sqm: 71,8

Inner wall B8.061

Figure 3.3: A recipe of an inner wall of type B8.061. (Jongeling et al., 
2007b) 

In the first column, the materials of the particular wall are listed. This can also 
be called tasks. The second column presents the amount of material required to 
build each square meter of the wall. The third column shows the cost for each 
material and the fourth column shows the calculated duration for each task. 
These two last columns are then summarised into a unit cost and duration for 
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the wall. Based on this information the direct and indirect cost per unit wall can 
be calculated. 

However, to calculate the cost and duration (total man hours) to erect the inner 
walls of type B8.061 on the second storey in building B stated in the WBS in 
Figure 3.2 the total amount (in this case, square meters) of that particular wall 
type should be multiplied with the unit cost and the unit duration stated in the 
recipe. Based on the recipes of all activities in the WBS the total cost and 
duration can be calculated of the entire project. 

Sequencing and scheduling the project 

Sequencing and scheduling is to link the activities created in the WBS to 
increments of time that can be monitored and adjusted as the project schedule 
moves along. The list of activities developed from the WBS must also be 
completed by procurement and administrative activities. (Jackson, 2004) 

Once all activities are identified and put into the activity list it is time to 
develop the precedence between them. The relationship between each activity 
is defined by answering the following questions (Jackson, 2004): 

- Which activities must be completed before this activity can begin? 

- Which activities can be started once this activity is completed? 

- Which activities can be going on at the same time as this activity? 

A precedence diagram, shown in Figure 3.4, can preferably be used to illustrate 
the precedence between the activities in the activity list. 

Figure 3.4: A precedence diagram of ten (A to J) activities. Based on Table 
9.2 in Jackson (2004). 
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The total amount of man hours of each activity are calculated in the estimation 
phase. In the scheduling phase the duration of each activity need to be adjusted 
by adding or removing resources.  Assigning the double amount of workers to 
an activity shortens the total duration with half of the time. The tricky thing 
with scheduling is to assign the right level of resources to meet the goals of 
time and cost stated in the beginning of the project. (Jackson, 2004) In 
construction the minimum duration of an activity is usually one day. If the 
calculated duration for an activity is for example three days and six hours, the 
scheduler will use four days. There are also exceptions when activities are 
scheduled in hours, but the main rule is to be consistent. Either all activities 
should be scheduled in hours or none. (O'Brien and Plotnick, 2005) The most 
common scheduling techniques based on ABP methods in the construction 
industry will be described below. 

According to the author Gantt charts are not a scheduling technique itself but it 
is usually used for visualising and communicating the result of different 
scheduling techniques. The name originates from one of the men who 
popularised the graphical representation of work versus time in the early 
1910’s, Henry L. Gantt. The Gantt chart was originally aimed for production 
but the construction industry did quickly adopt the technique. (O'Brien and 
Plotnick, 2005) The Gantt chart in Figure 3.5 is created by the author with 
commercial software. 

Figure 3.5: A Gantt chart with ten activities. Based on Table 9.2 in Jackson 
(2004).  

The biggest advantage with Gantt charts, according to Jackson (2004), is that 
they are easy to understand and to follow. The biggest disadvantage is that they 
do not show interrelationships among the activities. 

The Critical Path Method (CPM) which basically is an extension of the Gantt 
chart (Henrich et al., 2005) was first developed specifically for construction 
scheduling in the late 1950’s (O'Brien and Plotnick, 2005). The technique (the 
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author prefer to call this a calculation technique) mathematically determines 
the sequence of activities that effect the whole project duration, i.e. the critical 
path. Apart from this, it is also possible to calculate the float of each non-
critical activity, i.e. the allowed delay before the activity impact the overall 
project duration. (Henrich et al., 2005) However, the project must be planned 
and sequenced before a CPM calculation can be performed.  

By knowing the duration and the precedence between each activity it is 
possible to calculate the early start, early finish, late start, late finish, and float 
of each activity. These terms are described below. (Jackson, 2004) 

- Early Start (ES) - The earliest possible time that an activity can start 
according to the relationships appointed to the activity. 

- Early Finish (EF) - The earliest time that an activity can finish given its 
allocated duration. 

- Late Start (LS) - The latest time that an activity can start without delaying 
the project’s completion as planned. 

- Late Finish (LF) - The latest time that an activity can finish without 
delaying the project’s completion as planned. 

- Float - The amount of time an activity’s start can be delayed before it 
impacts the project’s completion as planned. 

To determine these terms, three calculations have to be performed; 1) a 
forward pass which determines the ES, EF, the duration of each activity, and 
the total project duration, 2) a backward pass which determines the LS and LF 
of each activity, and 3) a float calculation which determines the float of each 
activity. (Jackson, 2004)
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Figure 3.6 shows a precedence diagram based on the three calculations 
mentioned above. The plain nodes in Figure 3.4 have now been changed to 
nodes which can present all information from the calculations above. The 
activities with zero float are critical and are therefore on the critical chain, 
marked with a red colour (Jackson, 2004). 

Figure 3.6: A precedence diagram based on the CPM calculation. The red 
nodes and arrows highlight the critical path. Based on Table 
9.2 in Jackson (2004).  

If the duration and precedence of each activity are included when creating a 
Gantt chart in commercial software package, the software can often 
automatically perform a critical path calculation. The CPM based Gantt chart 
shown in Figure 3.7 is created by the author in Microsoft Project. 

Figure 3.7: A Gantt chart based on CPM calculations showing the critical 
path (red) and the float of non-critical activities. Based on 
Table 9.2 in Jackson (2004). 
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Construction projects often contain multiple units where activities are repeated 
from unit to unit, such as multi storey buildings. This requires schedules that 
ensure unbroken use of resources from one unit to another. The ABP method 
has been criticised for not assuring this requirement, i.e. ABP does not support 
work-flow management and the creation and delivery of value. (Henrich et al., 
2005) Kenley (2004) states that ABP is focused on discrete activities. The 
same author states that ABP is not well suited for the construction industry and 
that the characteristics of construction align more closely with the Location-
Based Planning (LBP) method which will be described in the next chapter. 

3.2.2 The Location-Based Planning method 

To begin with, there are several terms for the Location-Based Planning 
method; ´Line-of-Balance´, ´Flow line´, ´Construction Planning Technique´, 
´Vertical Production Method´, ´Time-Location Matrix Model´, ´Time-Space 
Scheduling Method´, ´Disturbance Scheduling´, and ´Horizontal and Vertical 
Logic Scheduling Logic for Multi-Storey Projects´ (Jongeling, 2006). 
Throughout this thesis, the term ‘Location-Based Planning’ (LBP) will be used. 

LBP was originally derived from the manufacturing industry in the 1940’s and 
was later adapted to the construction industry for repetitive housing projects 
(Henrich et al., 2005). The method is suitable for projects with repetitive 
activities such as high-rise buildings, long bridges, highway construction, and 
pipelines, etc. (Sarraj, 1990). LBP considers one more dimension when 
scheduling a project, the location of the work being carried out on the site 
which facilitates to manage the spatial distribution of the work and to ensure 
work-flow on site (Kenley, 2004).

Planning and estimating the project 

The planning and estimating process is quite similar as in the ABP methods. 
Therefore, only the differences are highlighted in this chapter. The planning 
process starts with breaking down the project, just as the WBS in chapter 3.2.1,
into physical sections, floors, and spaces (locations) but without any activities. 
A section is usually defined as the smallest area where the framework of a 
building can be erected independently from other sections. These sections can 
further be divided into floors, which in its turn can be divided into several 
spaces. Soini et al. (2004) defines this as a Location Breakdown Structure 
(LBS) (compare with WBS). The LBS differs, as the WBS, between projects. 
(Kankainen and Seppänen, 2003) This process also results in an activity list as 
described in chapter 3.2.1.
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The quantity take-off and the estimates are performed as in chapter 3.2.1 but 
based on the LBS instead on the WBS. (Seppänen and Aalto, 2005) Seppänen 
and Kenley (2005) states that the granularity of the quantity take-off depends 
on the type of activity that is being estimated. For example, quantities of the 
bearing framework can be set at the floor level of precision while finishes and 
fittings can be calculated for each individual room.  

Sequencing and scheduling the project 

The sequencing process is, according to the author, performed as in chapter 
3.2.1 and results in an activity list with dependencies between the activities. 
However, the extra spatial dimension makes it possible to also consider the 
direction of workflow on the site. 

When scheduling is performed, based on the LBP method, it is important to 
avoid that activities uses the same work locations at the same time.  These 
activities are called space-critical activities. Non-space-critical activities can be 
left out from the LBP schedule and be scheduled with traditional ABP 
methods. To be able to create an activity in the LBP schedule, the following 
information is required (Kankainen and Seppänen, 2003): 

- Amount of every location and resource consumption where the activity 
is going to be performed. 

This information is gathered from the quantity take-off and the 
estimates based on the recipes. The result is the total amount of man 
hours required to complete the activity. 

- Place completion order. 

The scheduler has to decide where the activity should start, where it 
should continue and finally where it should finish. 

- The optimal crew composition. 

The number of workers decides the duration of the activity. 

- Dependencies to other tasks. 

This information can be gathered from the activity list with the 
dependencies between the activities. 
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The LBP method is based on the assumption that the rate of production for an 
activity is uniform within each location, i.e. the production rate is linear. The 
result of the scheduling is often presented as a flow line view, see Figure 3.8
below, where the time is plotted horizontal and the location is plotted vertical. 
This means that the production rate of an activity is the slope of the activity 
line. (Arditi et al., 2001) The slope of the activity can either be changed by 
altering the number of crews or by shifting the work content (Kankainen and 
Seppänen, 2003). 

Figure 3.8: Example of results from LBP and scheduling presented with a 
flow line view. Common deviation types in LBP schedules (Left). 
Optimum schedule (Right). (Jongeling, 2006) 

Jongeling (2006) defines a couple of deviation types, shown in Figure 3.8,
which can be identified by the flow line view of a LBP schedule. These 
deviation types indicate scheduling mistakes which must be taken into account 
to ensure continuous work-flow through the locations of the construction 
project. An ideal schedule is shown to the right in Figure 3.8 where all 
activities have the same slope and enough planned buffers between them to 
avoid work-flow interruptions. 

Arditi et al. (2001) states that LBP can be more efficiently performed by 
combining the method the with precedence diagram technology. Today’s 
commercial LBP and scheduling software contains the CPM based Gantt view 
based on two different kinds of dependencies between activities, internal and 
external (note that traditional CPM only has one type of dependency - the 
external dependency). The internal dependencies are dependencies between 
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different locations for the activity. They are automatically created according to 
the place completion order. External dependencies are dependencies between 
two activities and are created by the scheduler. These dependencies are copied 
to each location of the activity. (Kankainen and Seppänen, 2003) 

3.2.3 4D modelling 

Heesom and Mahdjoubi (2004) states that effective planning is one of the most 
important aspects of a construction project. But there is a shortage of skills in 
the area of construction planning and project managers have often too little 
time to plan construction projects. Computer-based decision support tools have 
provided planners with the ability to plan construction activities efficiently but 
these tools are mainly concentrated to the time dimension of planning. 
Planning decisions associated with spatial planning are often made on the basis 
of experience and intuition. This type of decisions can be supported by 
visualising the schedule in a 4-dimensional environment, defined as 4D 
modelling in this thesis. 

4D modelling is the link between 3D CAD objects and scheduled activities, in 
the construction project. The result allows project stakeholders to view the 
planned construction over time and to review the planned or actual status of a 
project. Site managers can run 4D models to analyse the spatial dimension of a 
construction sequence both from a production (Jongeling, 2006) and safety 
point of view (Rwamamara  et al., 2007). General contractors can use 4D 
models to coordinate the work-flow of their subcontractors and site logistics 
over time. There are also examples of using 4D models to communicate the 
scope and schedule of the project to subcontractors to solicit their input in a 
timely manner. Is has been shown that 4D models can reduce the time for 
communicating the schedule to subcontractors while increasing the amount of 
subcontractor feedback. (Jongeling et al., 2007a) 4D models can be used live 
during subcontractor coordination meetings to review the sequence of work 
and related logistics and thereby prevent time-space conflicts between general 
contractors and subcontractors (Fischer and Kunz, 2004).

The most 4D research is based on ABP methods but in later years researchers 
have also concentrated on 4D modelling based on LBP methods. Jongeling and 
Olofsson (2007) presents a method for planning of work-flow by combined use 
of LBP and 4D modelling. The authors suggest that a location-based approach 
to 4D modelling can improve the usability of the 4D models for work-flow 
analyses and that 4D modelling can enhance the value of LBP schedules.
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Jongeling (2006) introduced two levels of work flow management, macro- and 
micro-management. Macro-level scheduling is to be initiated in the design- and 
production planning process using 3D CAD models from which a bill of 
quantities can be extracted, structured according to a location-based logic. The 
micro-management of work flow is intended to be an instrument in the 
planning and control of day-to-day construction tasks. Based on the macro-
management work flow plan, more detailed look-a-head schedules can be 
constructed where necessary prerequisites for efficient and safe execution of 
construction tasks can be considered. The 4D macro model visualizes the 
construction schedule linking CAD objects to the schedule while the 4D micro 
model are further refined with information of the prerequisites for the planned 
activities in a look-a-head window of 3-4 weeks. The prerequisite contain 
information, such as needed crews, material, equipment, temporary structures, 
work spaces, etc.   

In Björnfot and Jongeling (2007) 4D work-space models in combination with 
LBP was used for simulating work-flow of a multi-storey timber housing 
project. The main strength of the integrated use of LBP and 4D modelling was 
the straight-forward evaluation of the feasibility of the production schedule in 
which users were provided with a powerful set of tools to schedule, manage, 
and communicate project plans. 

3.2.4 Managing job site and construction operations 

The construction site can at a first glance appear chaotic with crews running 
around, delivery trucks coming and going, material being transported, etc. But 
this is actually a well arranged process, directed by the site manager and 
supported by its project team. The team must manage, monitor, and coordinate 
all subcontractors, construction workers, materials, tools, equipment, 
deliveries, inspections, security, safety, quality, cleanup, and even visitors 
on-site. In addition, the project must be kept in budget and on schedule. 
(Jackson, 2004) 

An example of subcontractor coordination will be described to give the reader 
an understanding of the complexity involved. When site managers are planning 
the work for subcontractors, they must keep in mind that each of these 
subcontractors is an independent operator which probably is engaged in several 
projects that they must attend to in addition to this project.  Just because the 
schedule requires the subcontractor on a specific date does not necessarily 
mean that the subcontractor will be available that date. Proper planning is the 
key to successfully handle this kind of coordination. (Jackson, 2004) 
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The Last Planner System of production control 

Ballard (1994) states a number of obstacles that must be overcome to improve 
planning; 1) management focus is on control, 2) planning is understood in 
terms of the skills and talent of planners instead of seeing it as a system, 3) 
planning is only understood as scheduling, not a crew level planning, 4) the 
planning performance is not measured, and 5) deviations from planning are not 
followed up to identify causes to interruptions. 

Most construction projects create a master schedule at the beginning of the 
construction phase, extending from beginning to end of the project. Such 
schedules cannot be detailed too far into the future because of lack of 
information about actual durations and deliveries. Most construction projects 
use some form of short term schedules to coordinate and direct the various 
trades and crews working on the job, so called look-a-head schedules. Usually 
the look-a-head schedule is simply a drop out from the master schedule with a 
greater level of detail, usually with no screening of schedules soundness or 
other criteria. (Ballard, 1997) 

The Last Planner System of production control (LPS) consist of three 
components; 1) look-a-head planning, 2) commitment planning (often in form 
of weekly work plans), and 3) learning. Activities are dropped from the project 
master schedule into the look-a-head window, typically 6 weeks ahead the 
planned start of the construction activity. During this period the activities are 
constantly screened for constraints. The constraints that prevent activities from 
being a sound assignment are identified and actions are taken to remove those 
constraints. This is done by adding ‘make ready’ tasks to the activities in the
look-a-head window. No activity is allowed to retain its scheduled start time 
unless the planner is confident that all constraints will be removed in time. This 
assures that problems will be surfaced in an early stage. The primary categories 
of constraints are directives, prerequisite work and resources. Directives mean 
guidance about which work should be done. Prerequisite work is work that has 
to be prepared or done before the activity can start. Examples include access to 
material, information and shop drawings. Resources are construction workers, 
tools equipment and space. (Ballard and Howell, 2003) 

Commitment planning is a commitment to what WILL be done, after 
evaluating SHOULD against CAN based on actual receipt of resources and 
completion of prerequisites. Only quality assignments WILL be released for 
production. Commitments to specific activities and tasks are often made 
weekly. The requirements for a quality assignment are definition, soundness, 
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sequence, size and learning. Definitions means that assignments are specific 
enough that the right type and amount of materials can be collected, work can 
be coordinated with other trades, and it is possible to tell at the end of the week 
if the assignment was completed. An assignment is sound if the answer to the 
following questions are yes; 1) Are materials on hand? 2) Is design complete? 
3) Is prerequisite work complete? The intent is to do whatever can be done to 
get the work ready before the week in which it is to be done. The sequencing is 
about selecting assignments in right order according to constructability etc. and 
to identify workable backlogs in case assignments fail. Assignments should be 
sized to the productive capability of each crew. The assignment should produce 
work for the next production unit in the size and format required. (Ballard and 
Howell, 1998) 

Each week, last week’s weekly work plan is reviewed to determine what 
commitments were completed. If a commitment has not been kept, the reason 
is provided. The reasons are analysed to root causes and actions are taken to 
prevent repetition. (Ballard and Howell, 2003) The reliability of the weekly 
work plan is measured by taking the number of committed assignments 
completed divided by the total number of committed assignments expressed as 
percentage. This is referred as Percent Plan Complete (PPC). (Ballard, 1994) 

Application of LPS in construction has resulted in the development of some 
computer tools based on this methodology. (Choo et al., 1998, Jun et al., 2000, 
Chua et al., 1999, Hammond et al., 2000, Choo et al., 1999) These tools are 
mainly concentrated on weekly work planning. Based on the experience of 
Choo and Tommelein (2001) LPS-based computer tools should be designed to 
effectively support; 1) coordination meetings, 2) information distribution, and 
3) interaction with other tools and system. Further, the user interface and data 
structure must be familiar to the prospective users. 

Flow thinking 

As mentioned above Ballard and Howell (2003) states that in LPS only sound 
assignments should be released for execution which is fulfilled by 
systematically screen each activity for constraints. This prevents activities to be 
disrupted during its execution, i.e. the flow variability of the activity is 
reduced. But what is flow variability reduction? 

Howell (1999) uses an example of the traffic on a freeway to illustrate the 
importance of flow variability reduction. If each car on the freeway drives at 
exactly same speed, the spacing between each car can be very small without 
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causing any accidents. Each car is dependent on the one ahead to keep the 
distance between the cars and since the speed of the cars is equal, there would 
not be any variation in distance between the cars. But in reality, each car do use 
the distance between the cars to avoid accidents but the distance will vary due 
to the fact that the speed of each car varies. In rush hours, when people are 
under pressure, the distance between each car will be reduced which will result 
in that any variation in speed will directly affect the following car and the risk 
for accidents will increase. Thus, the variation in speed of one car demands 
immediate response from the following car. 

The example above illustrates the importance of flow variability reduction, but 
what is flow in construction projects? According to Koskela (2000) there are at 
least seven preconditions, or resource-flows, that are required for execution of 
an on-site construction task. These flows, presented in Figure 3.9, are 
construction design, components and materials, workers, equipment, space, 
connecting works, and external conditions.

Figure 3.9: Preconditions (i.e. resource-flows) for completion of a 
construction task. Based on Figure 16 in Koskela (2000). 

For example, Koskela (2000) stated that it is not uncommon that drawings 
(construction design) are missing at the intended start of a scheduled activity. 
Also, the productivity of manual construction workers is variable, and the 
availability of spaces and connecting works is dependent on the progress of 
previous activities. 
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The relatively high variability of these resource-flows increases the risk that at 
least one of these preconditions is missing at the planned start of the task. This 
often results in that the task does not start or that the task start but are later 
interrupted due to lack of a specific resource (Ballard and Howell, 1998).  

Thus, construction consists of tasks involving a high number of input flows. 
Planning and controlling the required resource-flows of each task is important 
to prevent disruption of work. This means that tasks and flows have to be 
considered in parallel in construction management, i.e. realisation of task 
heavily depends on flows, and progress of flows in turn is dependent on 
realisation of tasks. (Koskela, 2000) 

3.2.5 Monitoring the project performance 

When the scheduling work is done the planner has hopefully created conditions 
that allow the work to be performed without disruptions. But that does not 
mean that the project runs smoothly without any disruptions. Lots of things can 
happen during the project which affects the schedule, e.g. deliveries can be 
delayed, subcontractors may not show up in time, and the crews will not 
always accomplish what they were supposed to do according to the schedule. 
Unexpected bad weather and sickness are also affecting the schedule. Thus, the 
schedule is not a fixed document that never changes, but it is a dynamic 
instrument which demands that scheduled activities are being continuously 
tracked and monitored during the project. This information is then put into the 
schedule and an update is performed. (Jackson, 2004) Tracking and monitoring 
can be performed with CPM and presented with both a traditional Gantt chart 
and with the flow line view in LBP (Jackson, 2004, Seppänen and Kenley, 
2005). Both techniques will be shown below. 

O'Brien and Plotnick (2005) recommend that a schedule update should be done 
once a week. One of the major purposes of monitoring the progress is to gauge 
the actual performance with the scheduled. Based on this information the 
schedule can be updated with a more realistic duration of activities. The 
information can also be used for determining the impact of past performance 
on future work, i.e. if the past performance impact the total duration of the 
project.

It is important to know if the project is meeting expectations, exceeding 
expectations, or is slipping behind. Further, the same authors mention three 
types of information required for updating the schedule (O'Brien and Plotnick, 
2005):
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- Actual Start (AS) - A determination if the activity has started and date when 
started if applicable. 

- Actual Duration (AD) - The remaining duration if started but not finished. 

- Actual Finish (AF) - A determination if the activity has finished and date 
when finished if applicable. 

Commercial software today performs automatic updates and recalculates the 
critical path if the user enters the new data mentioned above (Jackson, 2004). 
Examples of this can be seen in Figure 3.10 and in Figure 3.11 below. Figure
3.10 shows an updated view of the Gantt chart in Figure 3.7.

Figure 3.10: A tracking Gantt chart based on CPM calculations. 

In comparison to Figure 3.7, three more columns are inserted where the actual 
data can be entered. The actual data can then be compared with the original 
data, e.g. activity B started one day (the weekend is not included) behind 
planned start. The red vertical line highlights the status of the actual date. As 
can be seen in the figure, activity D is behind the schedule. Due to these new 
circumstances the software has calculated a new critical path, highlighted in 
red. Note that in spite of the two day delay of activity D, the total project 
duration has increased with only one day. 

Tracking and monitoring can also be made by using LBP software. The actual 
data input (AS and AF) is entered in a control chart, shown down to the right in 
Figure 3.11 below. The control chart shows the locations on the y-axis and the 
activities below the chart. Each square represents an activity in a given location 
and presents the status of the particular activity with colour codes. (Kankainen 
and Seppänen, 2003) The colour codes in this case shows that green activities 
(Seppänen and Kenley, 2005 mention them as ‘tasks’ but to be consistent with 
the defined terminology in the thesis they will be called ‘activities’) are 
completed, blue activities are in progress, white activities have not started, and 
red activities have not started and are running late. Thus, activity one has 
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completed the work from location one to three but has not started and is 
running late in location four. Further, activity one has not started in location 
five etc. 
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Figure 3.11: A tracking flow line view based on LBP and CPM calculations. 
Based on Seppänen and Kenley (2005) 

In the flow line view planned data is, as in planning mode, drawn by lines, 
actual data by dotted lines, and forecasts by dashed lines. The red vertical line 
represents the actual date. The forecasts are calculated by comparing the actual 
production rate by the planned production rate. Unlike the Gantt chart in Figure
3.10 the original schedule is not updated when entering the actual data. Instead 
it is possible to make control actions to get the schedule on track without 
rescheduling, e.g. working longer days, working at weekends, adding 
resources, changing the work content, or changing the production rate. 
(Kankainen and Seppänen, 2003) 

Seppänen and Kenley (2005) presents a simple example of the monitoring 
process with LBP, shown in Figure 3.11. In the flow line view three activities 
are planned in five locations. The monitoring of these activities shows that 
activity one started as planned but with a continuously slower production rate. 
Activity two started a couple of days earlier than planned but with the same 
production rate as planned. Activity three has just started a couple of days 
earlier than planned. On account of these deviations, activity two has to wait in 
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two weeks between location three and four before it can continue without 
disturbing activity one. The same situation happens with activity three. An 
example of a control action in this case is to add resources to activity one. 

Further, Seppänen and Kenley (2005) states that LBP can be used for gathering 
a large amount of performance data without too much effort. The productivity 
can be measured by recording the start and finish dates, the actual quantities, 
and average use of resources in each location. The location-based data 
facilitates measuring within activities. The location-based actual data in 
combination with the original quantity take-off and schedule reveals the 
erroneous assumptions made during the planning phase and facilitates learning 
on future projects. 

3.3 Mobile computing 

In construction projects there is a frequent need of various types of information 
such as drawings, manuals, or work schedules, both in the site office and on the 
construction site. (Menzel et al., 2002) Typically data categories collected in 
the field are, according to Cox et al. (2002): 

- Chronological files of project data information and notes, 

- Change orders and submittal requests, 

- Quality control assurance records, 

- Construction field activity and progress logs, and 

- Resource and inventory logs. 

Today much time is lost by obtaining access to this information, for example 
by phone or by going back and forth to the site office. (Menzel et al., 2002) 
Managing such information to insure its accuracy and availability in a timely 
manner is, according to Cox et al. (2002), crucial to the successful completion 
of a construction project. In the other way, unsuccessful manage of this 
information probably leads to project delays, uneconomical decisions, or a 
complete failure of the project. Mobile computing have the capability and 
potential to help project managers to handle this in a successful way (Olofsson 
and Emborg, 2004). 
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The mobile computing technology consists of three parts; mobile computers, 
mobile networks, and mobile services shown in Figure 3.12. There are many 
kinds of mobile computing devices such as laptops, notebooks, Personal 
Digital Assistants (PDA) and wearable computers, which are designed to be 
carried around. These devices should be connected to the mobile networks. The 
third component, mobile services, is the service that can be provided for the 
user of mobile computing. (Magdic et al., 2002, Rebolj et al., 2004) 

Figure 3.12: Components in mobile computing technology. (Magdic et al., 
2002) 

Mobile computing can, according to Rebolj et al. (2004), reduce the distance 
between where we are located and where the information is located. Mobile 
computing brings a new dimension which Rebolj et al. (2004) designates 
virtual space, i.e. the dimension which shortens the distance of travelling. 
Further, Rebolj et al. (2004) states that new distances in virtual space are often 
introduced when reducing distances in the real world, e.g. different format of 
data storage and representation, and manipulation of communication tools 
which must be taken into consideration. 

Rebolj et al. (2004) claims that there is a gap between research in information 
technology and the state of the practice of everyday work on-site. Further, this 
depends largely on that software system designs are missing to support on-site 
tasks and providing guidance through these tasks. A possible solution to 
improve existing information systems is an extended communication system 
adaptable to the project and user. 

Rebolj et al. (2004) believes that mobile computing is the key technology for 
the IT breakthrough in construction. According to Menzel et al.(2002), being 
able to close the gap of the information flow between the site office and the 
construction site does not only require construction managers or IT-specialists 
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being able to use mobile computers. Also less qualified field workers such as 
foremen and construction workers must be capable of doing that.

3.3.1 Field Force Automation 

Olofsson and Emborg  (2004) defines “Field Force Automation (FFA) as a 
generic term for mobile applications used in real-time support of orders, 
scheduling, supervising, and reporting in the field”. A typical FFA system 
architecture, shown in Figure 3.13, is presented consisting of a number of 
components to give real-time support of dynamic fieldwork. An overview of 
this system will be described below. 

Figure 3.13: FFA system architecture (Olofsson and Emborg, 2004) 

The system consists of mainly three parts; presentation, applications and
integration. The presentation part allows generic access of independent 
hardware platform or network such as personnel computers, mobile phone, and 
PDAs connected via Internet. The type and number of applications in the 
system depends of the field of application. The dispatch function allows work 
orders to be distributed by the project manager to the field worker (top-down) 
or, in the other way, received on request from the field worker (bottom-up). 
Further, the status of the work orders can be monitored, e.g. accepted, rejected, 
started, interrupted or finished. If a work order is reported rejected or 
interrupted, the cause of this can be reported via messaging. An optimisation
engine can be used for decision support of rescheduling, allocation of 
resources, minimise transports etc. in real-time. Another important tool is the 
statistics function which allows analysing lead times, utilisation of resources 
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etc. (Olofsson and Emborg, 2004) State machines can be implemented for 
automatic distribution of work orders, e.g. the state machine has possibility to 
track the use of joint resources and announce the field workers when the 
particular resource is availably. (Norberg et al., 2007) The third part of the 
system, integration, enables integration with the company IT environment. For 
example, activities in the master schedule can be decomposed for operation and 
follow-up in the FFA system. Further, there are also possibilities to integrate 
the enterprise resource planning (ERP) system, the customer relationship 
management (CRM) system, an external database etc. (Olofsson and Emborg, 
2004)

Implementation of the FFA technique has both been made at the private and 
public sector but FFA still appears in its infancy in construction. However, 
primary drivers for launching FFA projects fall into three categories; curiosity
of the new technology, economic pressures to reduce operations costs and 
increase the productivity on the field, and insufficient and ineffective 
management practices. There are much room for improvements in field work, 
such as streamlining business processes and work-flows, cutting costs, 
providing new location-based services, increasing productivity, improving 
service quality, increasing quality of field-based  decisions, and managing 
assets. (Trentham and Scholl, 2008) 

In construction FFA system can, according to Olofsson and Emborg (2004), 
make operations more efficient in building services and in transports of 
materials and equipment, but also in coordination of operations and deliveries 
within and to the construction site. In on-site construction there are usually 
many subcontractors involved in the project, such as installations, engineers, 
painters, and concrete suppliers etc. to do the actual work. In construction 
many unforeseen events happen daily that influence the productivity negatively 
which in turn affect the production schedule. FFA can reduce these effects by 
coordination and optimisation support in real-time, i.e. when an unforeseen 
event occurs the FFA system immediately can recalculate the work orders of 
the subcontractors which ensure the continuity of the work-flow. Further, 
major benefits of FFA system will be reached if all involved in the actual 
project do have their own FFA system but also connected to the FFA system of 
the main contractor. (Olofsson and Emborg, 2004) 
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3.3.2 Application in construction 

Several attempts have been made, with more or less success, to introduce 
mobile computing in construction. Typical functions, supported by the PDAs, 
are; inspection, on-site project document viewing, quality checks, progress 
monitoring and GIS data (Chen and Kamara, 2008, Eghtesadi et al., 2005, 
Yabuki et al., 2002, Rebolj et al., 2004, Kimoto et al., 2005).

Yabuki et al.,  (2002)  utilises PDAs including a voice input/output system and 
a digital camera in combination with Radio Frequency Identification (RFID) 
tags to support the inspection of buildings and power plants. Advices and 
warnings to support the inspection are input to the RFID tags, glued on each 
structure and facility, via voice by senior inspectors to transfer their expertise 
to next generation of inspectors. In addition, recent inspection data and access 
to information about each facility, such as drawings, specifications, and data of 
testing, are also built into the tags. This system ensures the quality of the 
inspection and that the inspector always has access to necessary information. 
Another attempt in using PDAs for inspection is done by Cox et al. (2002). In 
this case the paper-based quality control field inspection checklist was replaced 
by an application in a PDA which in turn was connected to a database. The 
main advantages were the elimination of double entry of recorded data which 
in turn minimised the errors. Other benefits include reduction of paperwork, 
automatic generation of reports, and faster distribution of electronic data. 

In “Mobile, wireless, handheld devices to support e-work and e-commerce in 
A/E/C” (Menzel et al., 2002) a research is presented where a software 
prototype for on-site document viewing was developed. The aim of the 
research was to provide construction managers access to project information 
while on the construction site.

Magdic et al., (2002) presents a case study where mobile computing was used 
to communicate problems and share project documents between a foreman and 
the project manager. Typical documents were the daily activity plan and 
drawings. The communication of problems was mainly carried out via pictures 
with comments. The case study showed that the efficiency of information 
exchange can be improved by using mobile computing components. 

According to Menzel et al., (2002) progress monitoring by PDAs may improve 
the productivity and quality in construction management. Many writing-, 
copying- and calculating processes can be replaced. The received data 
generates up-to-date progress figures but can also be linked to other data. 
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Errors due to copying data from one paper document to another are also 
eliminated. 

A joint project between Carnegie Mellon University and Dredsen University of 
Technology resulted in the Integrated Contract Management and Monitoring 
System (ICMMS) which aimed to design and implement a first prototype of a 
field client to monitor progress data by engineering personnel. (Menzel et al., 
2002)

3.4 Conclusion and discussion 

In this chapter the author’s conclusions and reflections regarding the literature 
review will be given. 

Virtual Design and Construction (VDC) 

The development and implementation of VDC methods has so far improved 
the construction industry, but its full potential is yet to be demonstrated. The 
construction industry is conservative and implementations of new technologies 
take long time, especially when new working processes needs to be developed 
to make use of the technology. The Swedish construction industry is still in the 
beginning of implementing 3D design which has been seen as a standard in the 
manufacturing industry for many years.  

The BIM methodology offers opportunities for the construction industry but 
the fragmented nature of the industry of large contractors and small 
subcontractors makes the introduction of new BIM tools difficult. The 
development of a standard for information exchange is important for the 
possibility to work with BIM tools. The manual import and export functions 
developed to support the open IFC standard are often malfunctioning causing 
information distortion and/or information loss both on entity and attribute level 
(Pazlar and Turk, 2008). BIM projects should be supported by databases with 
automatic data exchange between the software. 

Construction project management 

The main outcome from this part of the chapter was the comparison between 
ABP and LBP method and the fact that the working processes are essentially 
the same. This is shown in Figure 3.14 below where both methods include the 
main parts; 1) planning, 2) estimation, 3) sequencing, and 4) scheduling. These 
four parts are shown in more detail to show the difference between the two 
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methods. The main difference is in the start of the planning when the project is 
divided into manageable set of components of activities. 

In ABP the project is divided into a WBS based on activities, whereas LBP 
method uses a LBS based on locations. The estimating is then based on either 
the WBS or LBS, but the work is still the same. Further, the creation of an 
activity list is also the same. The scheduling work differs since ABS uses a 
precedence diagram, often presented as Gantt charts, in comparison to LBP 
which uses flow lines, which also can be shown as a Gantt chart for 
communication with the crews on-site. The assigning of resources is the same 
for both methods.  

PLANNING ESTIMATING SCHEDULINGSEQUENCING

WORK
BREAKDOWN
STRUCTURE

BOQ RECIPE  ACTIVITY
LIST     

PREC.   
DIAGRAM

ASS.      
RES       

LOCATION
BREAKDOWN
STRUCTURE

BOQ RECIPE  ACTIVITY
LIST     FLOWLINE ASS.      

RES       

Figure 3.14: A comparison between the process of working with ABP and 
LBP methods. 

Thus, the difference between ABP and LBP method according to the working 
process are small. If the Swedish contractors would be aware of this fact, the 
LBP method might be applied in more construction projects. 

To exemplify the difference between the use of Gantt charts and flow lines, the 
Gantt chart in Figure 3.7 is transformed into flow lines in Figure 3.15. As 
stated above, the Gantt chart shows the duration and precedence between each 
activity, In addition, CPM calculations can be performed to show the critical 
path, but no spatial information is given where each activity should be 
executed.

The flow line view shows the same schedule as the Gantt chart but also include 
spatial information of the activities, in this case through four locations starting 
at location zero and ending at location three. The flow line view highlights a 
number of deviation types presented in Figure 3.8. The flow line view allows 
the planner to evaluate the schedule according to work-flow and it can be 
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concluded that this schedule do not support a continuous work-flow, i.e. the 
schedule requires changes.

1

3

2

0

2

3

4

5

5

Figure 3.15: A flow line view of ten activities executed in four locations. 

Figure 3.16 shows three different stages in the adjustment of the schedule. 
Figure a) shows the schedule before any adjustment has been done, i.e. it is the 
same schedule as in Figure 3.15. Figure b) shows the resulting resource graph 
from the schedule and where a lot of resources are scheduled to be used in the 
beginning of the project. 

The activities in figure c) have been rearranged to avoid disruptions and to 
support a continuous work-flow. No dependencies between the activities have 
been changed. It can be concluded that the schedule supports work-flow and 
that the total project duration is decreased with three day, but the resource 
graph in figure d) shows that a the resource are more evenly distributed over 
the project.  

In figure e) buffers are inserted to account for the variability in between each 
activity which distributes the resource over time, shown in the resource graph 
in figure f). Thus, the flow line view supports the creation of a more reliable 
schedule than the one created with ABP methods, i.e. the spatial information is 
important to create conditions for continuous work-flow. The resource graph 
must also be taken into consideration when scheduling the project but the graph 
must be correct interpreted. The graph can show that a lot of resources are used 
at a moment but the resources can be distributed at many locations, i.e. both the 
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resource graph and flow-line view must be taken into consideration when 
evaluating the use of resources. 

a) b)

c) d)

e) f)
Figure 3.16: Three different stages during the adjustment of a LBP schedule. 

The schedules are also evaluated according to the use of 
resources.

Planners often claim they work with CPM when they perform their planning, 
but studying their schedules it can often be concluded the presented Gantt 
charts only include activities. CPM calculations are not used for finding the 
critical path. Sometimes the dependencies between the activities are missing. 
Thus, CPM is often mixed up with the use of Gantt charts. The technique 
behind CPM is forgotten. 
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Further, there are discussions whether LBP software includes CPM or not. In 
my opinion CPM calculations are not performed in LBP software, but the 
dependencies used for the calculations are in LBP used for preventing crossing 
activities in the flow line view. There is no need of the critical path in LBP 
software due to the flow lines. 

Monitoring of actual performance is limited in Swedish construction projects. 
The use of the red vertical line, shown in Figure 3.10 is common, but the 
master and look-a-head schedule is not often updated with actual data. The 
reason for this is often that ABP software does update the entire schedule, 
instead of creating forecasts as in LBP software, shown in Figure 3.11. The 
result is that new versions of the schedules must be distributed for each update. 
In addition, the site manager loses the control of planned material deliveries if 
the schedule is updated with new start times for the activities. This will result 
in that material, subcontractors, etc. will not be on-site when they are needed. 

The static use of production schedules prevents productivity development. 
Even if it is possible to work faster than the planned master schedule, it will not 
shorten the production duration. It is just the opposite due to the planned 
delivery dates and the loose of control by the site manager. Thus, the 
construction industry needs a system that can manage a dynamic master 
schedule, i.e. a system which keeps track of all information linked to each 
activity supported by a preproduction system like LPS. 

The literature review showed that there are some developments of software 
tools based on the LPS, but these software are often stand alone products which 
do not share information with other tools, such as the delivery system and a 
real updated master schedule.  

Mobile computing 

In studied papers mobile computing is only used to transfer data between the 
site offices to the PDAs on-site and vice versa. Synchronisation between the 
PDAs is not taken into consideration. The author concludes that FFA can be 
used to support the master schedule with real-time production data, but the 
main contribution is that FFA is well suited to support the LPS. FFA includes 
all necessary components which are required to develop LPS software. In 
addition, the tool should be linked to the master schedule, 4D model, and the 
order and delivery system. ´Make ready´ tasks and activities can be allocated 
wireless to handheld devices to the working crews on-site. 
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Summary

The literature review showed that there are techniques and methods available 
to improve the construction industry, but the benefits can only be exploited 
when they are integrated into a system. This system should be based on a 
central repository where all data are exchanged. In addition, the process should 
be formed to suit the way construction projects are managed today. 
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4 SUMMARY OF PAPERS 

In this chapter, each of the three appended papers is summarised with the 
intention of providing an insight into the research work and its result. The 
summaries starts with a presentation of the title, authors, where the paper is 
published, which research questions in the thesis that is in focus, and the 
keywords. This is followed by a short introduction and a description of the 
objective of the paper. The used method is then presented and the summary is 
concluded with the result and contribution of the paper. 

4.1 Summary of paper I 

Title:

Planning for cast-in-place concrete construction using 4D CAD models and 
Line-of-Balance scheduling 

Authors:

Håkan Norberg, Rogier Jongeling and Thomas Olofsson 

Publication: 

Proceedings of the World IT Conference for Design and Construction, 
INCITE/ITCSED 2006, New Delhi, India 

Research questions in focus: 

I:  What planning methods are suitable in construction to plan the 
spatial dimension of construction work? 
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III:  Which methods are suitable to manage the resource-flows on 
construction sites? 

Keywords: 

4D, Line-of-Balance, construction planning, cast-in-place concrete 

Introduction and objectives: 

One of the corner-stones of reducing waste in the construction industry is to 
create different kind of flows during the construction project. One of these 
flows is the work-flow of the different crews through the locations on-site. In 
the scheduling phase of the project these flows can be visualised in a 4D 
environment. Today, 4D modelling based on Activity-Based Planning (ABP) 
methods is a common practice in the construction industry, but since ABP 
methods do not support work-flow, 4D modelling based on Location-Based 
Planning (LBP) can be a more suitable alternative to create conditions for a 
continuous work-flow on-site. 

The aim of the paper is to show the potential of managing the flow of work 
through locations on construction sites. The ABP, performed by the contractor, 
is compared to the result of the LBP method. Both planning are compared by 
visualising the result in a 4D model. 

Method:

This paper is based on a study of the construction of three high rise buildings. 
The choice of construction project was based on the possibility to perform 
LBP, i.e. a project with well defined locations and with repetitive activities. 
The project was divided in two phases, the erection of the bearing structure, 
and the finishing work. Micro planning was performed in the erection of the 
bearing structure and macro planning was performed for the finishing work. 
During the project, semi-structured interviews were made with the planner of 
the project and with the responsible person of the erection of the bearing 
structure.
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Results and contributions: 

The results of the study can be divided in two parts; micro and macro planning. 
The result of the micro planning will first be discussed. 

First of all, the ABP schedule created by the main contractor did not contain 
any details about how the work was going to be performed, i.e. where to start, 
where to continue, and where to end. That coordination decisions were left to 
be solved on-site which often caused disruption of work. The 4D model made 
that decision making easier since the result of the decisions could be visualised 
before the work was going to be performed on-site. Thus, this approach 
showed that time can be saved by planning the construction in a 4D 
environment instead of learning the work on-site. The final planning was also 
analysed regarding work-flow and it could be seen that the original planning 
did not support that flow. 

A second attempt was made to create a better flow of work, based on the LBP 
method. The problem of working with LBP at this micro level is the demand of 
different hierarchical spatial configuration for different kind of activities, e.g. 
bearing walls between apartments and facades. To get round this problem 4D 
modelling is used for visualising the schedule, i.e. conflicts in the LBP 
schedule can be evaluated in the 4D environment and conclusions can be 
drawn if there is a real time-space conflict or not. This final planning was, as 
the ABP, analysed regarding work-flow and it could be seen that this planning 
had better conditions to support work-flow. 

The two planning methods were also compared at the macro level of the 
project. The finishing work of one building was chosen to represent this type of 
planning. A total of nine ABP schedules were translated into a LBP schedule. 
The analysis of this scheduled showed a number of planned time-space 
conflicts which were not possible to detect by the ABP schedules The 
advantage of the 4D model was limited  regarding work-flow, but the 4D 
model was still valuable in communication of the schedule. 

This study showed that ABP methods in combination with 4D modelling is 
applicable in construction but does not support work-flow. Further, LBP 
supports work-flow but have to be combined with 4D modelling at micro level 
planning.
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4.2 Summary of paper II 

Title:

A process model for construction synchronisation using time-space planning 
methods and Field Force Automation 

Authors:

Håkan Norberg, Thomas Olofsson and Lennart Isaksson 

Publication: 

Proceedings of the 25th International Conference on Information Technology in 
Construction, CIB-W78 2008, Santiago, Chile 

Research questions in focus: 

II:  Which are the resource-flows in construction, and what affects these 
flows? 

III:  Which methods are suitable to manage the resource-flows on 
construction sites? 

IV:  How can the work on-site be managed to synchronise the flow of 
resources? 

Keywords: 

Construction synchronisation, Last Planner System, 4D modelling, 
Location-Based Planning, Field Force Automation 

Introduction and objectives: 

The development of Information and Communication Techniques (ICT) and 
Virtual Design and Construction (VDC) methods in later years has increased 
the possibility to improve the construction industry. It has been shown that 
these techniques and methods are improving the industry one by one but it has 
also been shown that the combined use of different techniques and methods is 
hard to maintain, i.e. the process of working with them is not well defined. 
Such well defined process should increase the possibility to improve the 
industry even more. Firstly, the process must consist of techniques and 

58



Summary of papers 

methods suitable to be combined. Secondly, the architecture of the process 
must be arranged in an efficient way. 

The objective of the paper is to find a suitable process so support and 
synchronise the flow of information, materials, construction workers, and 
required resources on the construction site. It is assumed that required 
information from the design can be extracted from a BIM. 

Method:

This paper is based on a literature review and semi-structured interviews. The 
literature review was made to find suitable techniques and methods which 
could be able to improve the construction industry and which allow to be 
combined. In addition, the literature review was made to define flows that 
affect the on-site construction. Based on the result of the literature review a 
proposed process model was developed. The model was refined several times 
according to the result of interviews with a prospective user. The choice of 
interviewee was based on the criteria that he/she should already be familiar and 
working with some of the techniques and methods in the proposed process 
model and that he/she should be positive to work with ICT and VDC. 

Results and contributions: 

Important resource-flows in construction are construction design, components 
and materials, workers, equipment, space, connecting works, and external 
conditions. Some of these flows can be planned with the LBP method in 
combination with 4D modelling and in to some extent be managed by the Last 
Planner System of production control (LPS). For efficient resource-flow 
management and synchronisation, the LPS and LBP method need to be 
supported by a real-time functionality. Field Force Automation (FFA) has the 
opportunity to manage this in real-time. 

The main result of this paper is the proposed process model, shown in 
chapter 5. The main parts of the process model includes Building Information 
Models (BIM), LBP schedules, 4D modelling, and FFA. The architecture of the 
model is built to support flow of work and resources, real-time 
synchronisation, and LPS. A model server is used for data storage and 
exchange between the different tools in the process. The model server is 
accessible via web services.
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The BIM serve the 4D model with graphics and the scheduling software with 
location-based Bill of Quantities (BoQ). The master schedule is created with 
the LBP method and visualised in a 4D model according to flow of resources. 
Look-a-head schedules are created for detailed planning of procurement, 
delivery of materials, shop drawings, etc. The activities in the look-a-head 
schedule are imported to the synchronisation tool and extracted to different 
preparation tasks. The activities are continuously screened for constraints 
according to the seven resource-flows mentioned above which will create 
conditions for execution of the activity. The activities are wireless allocated by 
the site manager to the crews on-site. The synchronisation of resources is 
performed by a ´monitor & coordinate´ function. Accepting an activity will 
automatically occupy the resources associated with that particular activity, i.e. 
activities associated with same resources can not be allocated to other crews 
on-site in order to decreases the risks for interruptions. When the activity is 
reported finished the resources will be accessible again. The schedule and 4D 
model will automatically be updated with the actual start and finish time of the 
activity. 

In contrast to traditional construction planning, scheduling, and management, 
this process can manage the dynamic of construction projects. This process 
facilitates the coordination and synchronisation of resources in on-site 
production which also will improve the flow on-site. This is believed to reduce 
the variability of work-flow which in turn leads to improved quality and 
productivity. In addition, this combination of techniques and methods enables 
automatic data collection which can be used for systematic follow-up of 
construction projects.

4.3 Summary of paper III 

Title:

A model-based production-planning and control method supporting delivery of 
cast-in-place concrete. 

Authors:

Håkan Norberg and Rogier Jongeling 
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Publication: 

Reviewed and accepted for the 8th International Conference on Construction 
Applications of Virtual Reality, CONVR 2008, Kuala Lumpur, Malaysia 

Research questions in focus: 

II:  Which are the resource-flows in construction, and what affects these 
flows? 

III:  Which methods are suitable to manage the resource-flows on 
construction sites? 

Keywords: 

4D modelling, Location-Based Planning, Cast-in-place concrete, Concrete 
desiccation

Introduction and objectives: 

Earlier studies in this thesis have mostly been focused on flow of resources 
within the site, but some of the seven flows mentioned earlier must be 
controlled even before they reach the site, e.g. delivery of ready-mixed 
concrete. The use of cast-in-place concrete also affects the planning and 
scheduling of the project since one more dimension has to be considered, the 
desiccation of the concrete. This affects the successors of the pouring concrete 
activity, e.g. removing shoring and flooring. This can, for example, be 
managed in the planning phase by varying the concrete quality with respect of 
the desiccation duration.

The overall aim of this paper is to show a method that can be used for making 
the planning and control of the delivery process for cast-in-place concrete more 
efficient. The use of Location-Based Planning (LBP) and model-based design 
facilitates the control of this process. 

Method:

This paper is based on a study of the construction of a new residential area, 
consisting of forty-seven residences, where the ground floor and the flooring 
structure consist of cast-in-place concrete slabs. Since the study was performed 
in collaboration with the concrete supplier, the choice of project to study was 
made together with the supplier. The choice was based on the possibility to 
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perform LBP and model-based quantity take-offs. During the study, semi-
structured interviews were made with the site manager of the project and the 
concrete supplier. 

Results and contributions: 

The result of this study can be divided in two parts, planning and scheduling of 
concrete work, and on-site model-based quantity take-off. The location-based 
visualisation of the desiccation durations against the planned flooring activities 
highlighted errors in the planning which had not been noticed using the 
traditional ABP method.  

To be able to perform on-site model-based quantity take-offs a 3D/4D model 
was created where attributes were assigned to the objects representing the 
concrete slabs, i.e. information about volume, concrete quality, etc. The 
quantity take-offs were performed by selecting the objects, associated with the 
casting sequence, and export the delivery information to an Excel sheet for 
request orders of concrete with correct amount and quality. 

A proposed process model was created based on the results of the study and the 
interviews with the participant in the project. The study showed that concrete 
delivery and desiccation is important to manage the flow in on-site production. 
Working according to the proposed process facilitates users to increase the 
productivity of the cast-in-place concrete production as a result of better 
support for work-flow an information management. The method is aimed at 
collaborating and sharing information in an efficient way. Techniques in the 
proposed method are not limited to cast-in-place concrete construction and 
have a potential to improve the construction process for other types of 
construction work. 

The implementation of this method in the studied project was limited to a 
demonstration scenario. However, the implementation process was not either 
prioritised in this study. 
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5 THE PROPOSED PROCESS MODEL 

This chapter presents the proposed process model in detail. The process model 
is given an own chapter since it is the main result of this research and in that 
manner gives the reader the possibility to get a deep understanding of the 
architecture of the process. 

5.1 Main architecture 

The aim of the architecture of the process model in Figure 5.1 is to satisfy the 
method of working according to The Last Planner System of production 
control (LPS), i.e. to systematically work with Look-a-head planning, 
commitment planning, and learning. The processes highlighted in red in Figure
5.1 represent the look-a-head phase, the processes highlighted in blue represent 
the commitment phase, and the process highlighted in green represents the 
learning of experience.

From the literature study, interviews, and studies of the projects, the content of 
the model was decided. The main content of the model consists of Building 
Information Models (BIM), Location-Based Planning (LBP) schedules, 4D 
models and Field Force Automation (FFA) represented by a Construction
synchronisation tool and a Construction reporting tool. In addition, the order 
and delivery system and the enterprise system of the construction company 
should be accessible via the Construction synchronisation tool. A model 
server, not shown in the process model, is used for data storage between all 
trades in the process, i.e. no information should be transferred by project 
portals, email, Universal Serial Bus (USB) memories etc. Instead, each tool in 
the process sends and receives the information automatically via web services.
Further, the data should be transferred in a neutral format, such as the Industry
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Foundation Classes (IFC) format or different types of the eXtensible Mark-up 
Language (XML) format. 
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Figure 5.1: The proposed process model for managing the resource-flow 
on-site. Based on Norberg et al. (2008). A larger version of the 
process model can be seen in the appendix. 

5.2 Building Information Models and quantity take-off 

The BIM is the heart of information in this process which in turn put demands 
on the design process. The design team need to understand what information 
the model should consist of and how the information will be used in the 
process model. A well defined CAD manual is required to make this clear. 
Each Architecture, Engineering and Construction (AEC) consultant should 
deliver a BIM, via the model server, with necessary information for the process 
(1). It is suitable to deliver the models in the IFC format, but since that format 
is still under development the models can initially be delivered in their original 
format. 

These models are in the first phase used for model-based quantity take-offs as 
shown in Figure 5.2, i.e. a plug-in application of the 3D CAD software, or in a 
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model viewer, collects the quantities from the objects in the model and link 
them to the recipes in the recipe database of the construction company. The 
production planning starts at this moment since the quantity take-off should be 
based on the Location Breakdown Structure (LBS), i.e. the planner must decide 
the sequence of the planned production before the quantity take-off can take 
place.

Figure 5.2: The model-based quantity take-off (left), based on the LBS, 
serves the production estimate (right) with quantities. Based on 
(www.wikells.se, 2008-11-06, www.tocoman.se, 2008-11-06) 

The estimator of the project uses this information to perform a location-based 
production estimate including all resources and unit times. All this data are 
then sent to the model server, in XML format (2). Thus, now the model server 
consists of; 1) the BIM objects delivered by the AEC consultants, and 2) the 
location-based estimate. 

5.3 Scheduling and 4D modelling 

The scheduling work starts with an import of the location-based estimate from 
the model server via web services (2). The resources and associated unit times, 
located according to the LBS, are then transformed into scheduling activities. 
When the schedule is approved by the planner, according to work-flow, the 
schedule is sent back, via XML, to the model server (3). Using the LBP 
method also facilitates the management of material supply to the mounting 
locations at the site, i.e. each material is connected with a 3D co-ordinate.

To be able to perform 4D modelling, the 3D CAD objects and the schedule are 
required. These are imported, in IFC and XML format, from the model server 
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and linked together in a 4D viewer (1) & (3). The schedule can then be 
visualised and communicated with the project stakeholders, such as the client 
and subcontractors. If the schedule for some reason is not approved by the 
stakeholders the planner can quickly readjust the schedule in the LBP and 
scheduling software which will automatically update the 4D model (5). This 
mode of procedure saves time in the planning phase of the project.

When the schedule is approved the order and delivery system receives the 
information via the model server, which means that the planning of deliveries 
can start (4). If there are any problems with the deliveries, such as too long lead 
times or lack of a specific type of material, the purchasing department send this 
information back to the planner which has to make changes in the schedule or 
maybe even change supplier of a building components (7). If the building 
components must be changed, the BIM must also be updated. This process has 
not been taken into consideration in the proposed process model. On the other 
hand, if there are changes in the schedule, the purchase department will 
automatically be informed and in turn be able to update the orders and delivery 
dates.

The look-a-head scheduling starts when the master schedule is approved and 
approximately six weeks ahead of the planned start of the first activity (4). 
Actually, the longest lead time, e.g. deliveries of material and drawings, 
decides when the activity will go from the master scheduling phase to the 
look-a-head scheduling phase. In this phase, the activities in the master 
schedule can be broken down into several look-a-head activities to increase the 
level of detail of the schedule. As soon as a change has been made in the 
schedule, a new version of the XML file will automatically be sent to the 
model server and the order & delivery system will automatically receive a 
request for change of delivery times (8). 

When an activity has been transformed from one single activity to several 
look-a-head activities in the look-a-head schedule, the 4D model needs to be 
updated with new links as well. The new detailed schedule is imported, via 
XML, to the 4D viewer (8) where the old links between the master activity and 
the 3D objects are unlinked and replaced by new links between the look-a-head 
activities and the 3D objects. This will result in a more detailed 4D 
visualisation. In addition, the planned times of material deliveries can be, 
imported (6) and visualised in comparison to the planned activities. If the 4D 
visualisation shows any unexpected errors due to the material deliveries and 
look-a-head schedule, either the schedule or the planned deliveries must be 
adjusted (10) followed by an additional 4D visualisation. 
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When the planning is approved all data are automatically exported via XML to 
the model server (9) and imported to the order & delivery system (9) where the 
schedule is accepted (11) or rejected (12). 

Thus, now the model server consists of; 1) the BIM objects delivered by the 
AEC consultants, 2) the location-based estimate, 3) The master schedule, 4) the 
3D objects with associated master activities, 5) the delivery planning, 6) the 
detailed look-a-head schedule, and 7) the 3D objects with associated 
look-a-head activities. Once one of these information carriers are changed the 
other information carriers will automatically receive a request for update. 

5.4 Construction synchronisation and report 

The construction synchronisation tool is mainly used by the site manager of the 
project. The tool consists of four main functions, Extract, Convert, Allocate 
and Monitor and Coordinate. The extract function imports all data that are 
produced during the design and planning phase of the production, i.e. all 
information in the model server, see (1), (9) & (11) in Figure 5.2. A user 
defined view function allows all type of schedules to be combined in the same 
view, preferably shown as a Gantt chart or as a to-do list. The first time an 
activity type is imported to the tool, the user can define all prerequisites that 
must be fulfilled before the activity allows to be executed, e.g. the prerequisites 
stated by Koskela (2000). These prerequisites are grouped into four types in 
Figure 5.3, deliveries, shared resources, connecting works, and external 
conditions. It is also possible to define demands that must be done to be able to 
report the activity finished, such as tidy up the mounting location or perform 
quality checks etc.

During the following weeks, until the planned start of the activity, these 
prerequisites must be fulfilled and crossed in the view function. Some of the 
prerequisites are controlled by the construction workers in the site office, such 
as deliveries, and some are automatically controlled by the monitor & 
coordinate function which will be described later in this chapter. Alarms with 
different kinds of severity should be possible to define to inform the site 
manager of possible delays. 

To meet the user controlled prerequisites, preparation tasks can be created via 
the convert function, e.g. ´Contact the structural engineer about delivery dates´
or ´Contact subcontractor A and decide a date for execution of activity´. These 
preparation tasks can then be allocated, via web services, to appropriate 
construction worker (13). Preparation tasks can also be directly sent to the 
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order & delivery system or to the enterprise system of the company to, for 
example reserve external resources (13). Once all preparation tasks for a 
prerequisite are completed the checkbox will automatically be crossed and 
when all checkboxes are crossed the activity can be allocated to the on-site 
crews via web services to a portable computer on-site, or to a handheld device 
by the crew leader (16). 

DELIVIERIS
Shop drawing xx-xxxx-xx

Shop drawing xx-xxxx-xx

Steel frames xx-xx

Plasterboards xx

Mineral wool xxx-xx

SHARED RESOURCES
Crew 3

Crane 1

Equipment X

Equipment Y

Space B1SC1L4

CONNECTING WORKS
Activity 3

Concrete desiccation

EXTERNA CONDITIONS
Weather forecast

Figure 5.3: The view function of the construction synchronisation tool 
where required resources are screened for constraints. 

The allocated activity is received by the crew leader in the view function of the 
construction report tool (16). The activity will be shown in a list with other 
allocated activities, i.e. the crew can choose a suitable activity by there own. In 
that way a top down management method is prevented. All data, linked to an 
activity, can also be reached via the view function, e.g. shop drawings, material 
lists, demand of resources, or 3D objects linked to the activity.  

The state of the activities can be allocated, rejected, started, interrupted, and
finished. The activities will have the state allocated as soon as the activity 
reaches the activity list in the report tool. If in some reason the allocated 
activity can not be executed by the allocated crew, the crew leader can reject 
the activity followed by a description of the reason. When the crew start an 
activity the activity must be reported started. 

At this moment all shared resources used by the crew will automatically be 
reported occupied to the activities with the same demand of resources , e.g. if a 
crew starts an activity with a demand of a specific location, all other activities 
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with the same demand of that specific location will not be allocated to the other 
crews. In that way the risk for interruptions is decreased. The activity can be 
reported interrupted if the crew has to take a longer break. If an activity is 
reported interrupted the reason for that must be reported too, e.g. lack of 
material, shared resource occupied, or injury. But this does not mean that the 
activity should be reported interrupted as soon as the crew take a coffee break 
or if they take a small break to help another crew with something etc. 

When the crew has finished the work the activity must also be reported 
finished back to the construction synchronisation tool. At this moment all 
shared resources used by the crew will be available to other activities. Since the 
scheduling work is based on the LBS an activity can not be longer than the 
defined LBS. This means that activities must be reported as soon the crew 
reach a new location or if they leave a defined location. 

The monitor & coordinate function of the construction synchronisation tool 
continuously screens the process for changes via the reported states of the 
activities (17). Thus, this function is coordinating the shared resources and the 
connecting works between the activities to prevent interruptions, i.e. as soon as 
the site manager has defined the demands for the execution of an activity, see 
Figure 5.3, this function perform the coordination work (18). In addition, the 
function can automatically be set to calculate risks caused by delays, e.g. 
alarms can be defined to highlight risk for delay, delayed, and critical delay.

The monitoring function is also used for following up the project, both during 
the project duration and when the project is finished. During the project this 
function continuously exports the actual production data back to the 
look-a-head schedule (18). This is done via web services and XML format. 
Since the scheduling work is performed with LBP and scheduling software the 
actual data will be shown and compared to the planned data in the software, as 
shown in Figure 3.11. The planner can then decide whether to take control 
actions, based on the forecasts in the software to get the schedule back on track 
again, or to update the schedule. This can not be done using Activity-Based 
Planning (ABP). 

The actual scheduling data is then imported and compared to the planned data 
in the 4D model using colour coded objects, e.g. white colour for activities not 
started, blue colour for activities in progress, green colour for finished 
activities, yellow colour for activities on progress but running late, red colour 
for activities that has not started and are running late, and a further colour for 
interrupted activities. 
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Using these techniques and methods will automatically create a lot of data 
which is difficult to create using the traditional way of managing construction 
projects. This means that a lot of data are available for following up and 
benchmarking the project which in turn facilitates continuously improvements 
and learning from project to project. How to use this information is a further 
research area, but as an example the reasons for interruptions or precision of 
material deliveries can be followed-up and preventive action can be taken in 
the next project. 

This process, described above, will be repeated until the last activity on the 
look-a-head schedule is finished. Then, the project is reported finished. 
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6 DISCUSSION AND CONCLUSION 

This chapter discusses and concludes the research work. The research 
questions are firstly answered and discussed followed by a discussion about 
the contribution of this research. Further, the validation and generalisation is 
discussed. The chapter finally discuss the next step of this research. 

6.1 Addressing the research questions 

The four research questions, outlined in the introduction of this thesis and 
addressed in the three appended papers, are discussed below.

Research question I 

What planning methods are suitable in construction to plan the spatial 
dimension of construction work? 

Activity-Based Planning (ABP) methods, such at the use of precedence 
diagrams, are not suitable to plan the spatial dimension of construction work. 
The planning method is based on a work breakdown structure, i.e. focus is on 
work. Location-Based Planning (LBP), as the name indicates, is well suited for 
spatial planning since the planning method is based on a Location Breakdown 
Structure (LBS), i.e. focus is on locations. LBP provides information about 
both when and where the activity should be performed.  

An ABP presented in a detailed Gantt chart including information about when 
and where the activities should be performed tends to be very complicated 
when the number of activities increases. 
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4D modelling enables to obtain time-space information based on the planned 
schedule. A 4D model based on an ABP schedule gives the opportunity to do 
analysis regarding work-flow, time-space conflicts etc. Thus, 4D modelling 
should be used for approving ABP schedules planned in projects with spatial 
complexity, but also for approving LBP schedules in projects with spatial 
complexity since such LBS can be hard to represent in LBP schedules. 
However, a 3D model is required to perform 4D modelling. 

The use of ABP methods is suitable in construction projects with a low degree 
of complexity, in projects with a limited number of construction activities, and 
in projects where few people are involved, such as the erection of a small 
single bridge. The LBP method is suitable in projects with a high degree of 
repetitive activities and in projects where the locations are shared among 
different crews, such as in multi-storey buildings. 4D modelling is suitable in 
projects with a high degree of spatial complexity, especially in projects planned 
with the ABP method. The use of 3D modelling, or Building Information 
Modelling (BIM) in the design phase facilitates the work, but 3D models can 
also just be created for 4D modelling purpose. The use of 4D modelling 
enables to use ABP methods in more than the type of projects mentioned 
earlier.

The use of time-space planning methods, irrespective of the choice of method, 
increases the possibility to reduce time-space conflicts on-site which in turn 
can minimise the waste and can increase the productivity of construction work. 

Research question II 

Which are the resource-flows in construction, and what affects these flows? 

The resource-flow in construction can be described as seven preconditions for 
completion of a construction task, stated by Koskela (2000). These 
preconditions, or resource-flows, are; 1) construction design, 2) components 
and materials, 3) workers, 4) equipment, 5) space, 6) connecting works, and 7) 
external conditions.

The author cannot guarantee that these are the only resource-flows in 
construction that need to be managed, but managing the variability of these 
flows increases the possibility for improving the construction on-site by 
minimising the risk that resources are missing at the planned start of activities. 
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Most of these flows, i.e. workers, equipment, space, connecting works are 
directly affected by the planning and coordination of the construction work on-
site.

The management of these resources requires site managers that can manage a 
lot of information at the same time. Today’s site managers have much to keep 
track of which often leads to that this work is left aside. More and more efforts 
are required from the site managers of construction projects today due to the 
fact that more responsibility is continuously put on the site manager. This has 
resulted in that traditional work done by site managers is today not managed at 
all.

Some of the flows, i.e. construction design and components and materials, are 
partly affected by the planning but also by the communication between the site 
and suppliers.

Actually, subcontractors can be added into this category since they should be 
on-site at a specific time and perform their work at a specific assigned work 
location. The openness between the construction site and its suppliers and 
subcontractors is today limited. The communication is often performed by 
email or phone calls. Web portals with actual information about the project 
would give a more openness between the disciplines. Subcontractors should be 
able to watch the availability on-site directly on the web to prevent unexpected 
surprises when they arrive to the site, i.e. that they can not perform their work 
at the planed work location due to the fact that the prerequisite work is not 
finished. Further, subcontractors should receive automatically messages about 
changed delivery times when major updates of the master schedule are 
performed etc. 

External conditions, such as weather, are hard to manage but can be forecasted 
and have not been part of this research.

Research question III 

Which methods are suitable to manage the resource-flows on construction 
sites?

Managing the resource-flow can be described as planning and controlling the 
variability of the pre-conditions for completion of construction work. 

Since the aim of managing the resource-flow is to create continues work-flow 
on-site, the planning method used in the master scheduling phase of the project 
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should support work-flow. Thus, the LBP method is most suitable to use for 
planning most construction projects regarding flow. Planning and scheduling 
with the LBP method prevents time-space conflicts since each crew is given it 
own work location at specific time and duration. 

To evaluate the created work-flow the master schedule should be visualised 
and approved in a 4D environment. This is especially important in projects 
with spatial complexity where the work locations can be hard to represent in a 
LBP schedule. The use of 4D modelling also facilitates the communication of 
the approved schedule.

The management of resources, related to each scheduled activity, should start 
at least as many days before as the longest lead time of the particular resource. 
If the resources can be managed during the time before a scheduled activity the 
risk that resources are missing at the planned start of activities is minimised. 
This also fits the philosophy of “The Last Planner System of production 
control” (LPS). Construction project teams do prepare start of scheduled 
activities today but this work must be done systematically to avoid missing out 
on any important aspects. This is the look-a-head planning of activities. 

In the look-a-head phase, resources related to a particular activity are managed, 
but activities also require shared resources, such as construction workers, 
equipment, work locations, and connecting works. These resources are hard to 
manage due to the fact that the accessibility varies over time. Thus, a method is 
required to manage the dynamic of construction projects. Field Force 
Automation (FFA) can manage such dynamic work and if all activities and its 
required resources could be imported to a FFA tool, the coordination and 
synchronisation of resources could be managed by the tool and the variability 
of flows could be reduced.

For example, at the start of the look-a-head planning of each activity, the 
activity should be imported to a FFA tool. The site manager and its project 
team should define all required resources for the particular activity and use the 
FFA tool to manage the resources during the look-a-head planning. The 
activity should then be allocated to a responsible crew which accept the activity 
and in that way automatically occupy the shared resources which can not be 
used of other crews until the activity is finished. 

The use of LBP in combination with FFA allows actual data to be reported 
back to the schedule. This facilitates to follow-up the project during its course 
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and the site manager and its team has the possibility to take control actions 
based on the forecasts created by the LBP software. 

Research question IV 

How should the work on-site be managed to synchronise the flow of resources 
on-site?

The answer of this question is the proposed process model presented in 
chapter 5.  The aim of the process model is to enable to work effectively 
according to The Last Planner System of production control (LPS), i.e. to 
systematically work with Look-a-head planning, commitment planning, and 
learning.

The process model is based on results from a literature study, interviews, and 
studies of construction projects. The main content of the model consists of 
BIM, LBP, 4D modelling, and FFA represented by a Construction 
synchronisation tool and a Construction reporting tool. To deploy the process 
model effectively the tools should preferably be connected to a 
procurement/logistics system and the enterprise system.  

The process model should be applied in the following way. The project should 
be designed with a BIM to serve the estimate with location-based quantities 
and the 4D model with graphics. The planner of the project should use LBP 
methods to create a master schedule that supports work-flow. The schedule 
should then be linked to the BIM to perform 4D visualisations which is used 
for approving the schedule. When the schedule is approved the management of 
resources bound to specific activities starts. This is the look-a-head planning of 
the project where all prerequisites for a productive work are fulfilled. During 
the course of an activity the FFA coordinate and synchronise the shared 
resources used by the activities in progress.

When applied according to the above it is important to work according to the 
following principles: 

- LBP should be applied where the spatial configuration of the project 
allows it to be. If the resource-flow variability is managed to support 
work-flow, then the planning method to create the master schedule 
should obviously support work-flow as well. But in some projects, as in 
small single bridge projects, LBP is not required and hence not be 
applied.
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- No activity should be allocated to the crews on-site until all 
prerequisites for a productive work are fulfilled. If this rule is neglected 
the whole principle will fall, e.g. an activity is allocated to the crew 
on-site when the responsible person for a specific resource suppose that 
the resource will be available during the course of the activity but 
he/she are not hundred percent sure. 

- The crews on-site should really understand why they are told to use 
these techniques and methods, i.e. to coordinate and synchronise the 
shared resources to improve the work-flow on-site and that this can 
only be done by using theses techniques and methods as it is thought to 
be used, i.e. crew shall not accept and report activities started and 
finished before the actual start and finish. Crews can misuse these 
techniques and methods by accepting activities long before the actual 
start just to be aware that they has accessibility to the shared resources 
at the time for start. 

- The exchange of information should be based on Industry Foundation 
Classes (IFC) and eXtensible Mark-up Language (XML) supported by a 
database which can handle versioning of files and web services for easy 
availability. Information should not be handled by project portals and 
PDF files. 

Compared to today’s practice of planning and scheduling work the site 
manager supported by its project team and foremen is provided with an 
integrated suit of techniques and methods built in software that enables an easy 
and structured way of planning and managing construction projects. 

6.2 Contribution of this research 

The main scientific contribution of this thesis is the proposed process model for 
resource-flow management in construction, shown in Figure 5.1. This can also 
be seen as a practical contribution since the model is aimed to be used by 
contractors in the industry. The most specific and unique aspect with this thesis 
is the use of the FFA technique in combination with time-space planning 
methods and “The Last Planner System of production control”. This 
combination enables possibilities, such as real-time synchronisation of 
resources and follow-up, which has never been done in this area before. If the 
combination can be validated during the evaluation of the proposed process 
model, this can be a breakthrough of a new way of following-up construction 
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projects, which is in accordance with lean principles, such as continuous 
improvements. 

The most practical contribution of this thesis is the comparison of ABP method 
and LBP method in the theoretical chapter. In contrast to the Finnish 
construction industry, the planners in Sweden have not yet grasped the benefits 
of working with LBP.

6.3 Validation and generalisation 

This study did not include validation of the proposed process model. But it can 
be concluded that some of the parts in the model are already validated in earlier 
studies by other researchers (Choo et al., 1999, Eghtesadi et al., 2005, 
Jongeling, 2006).The validation of the process model is the next step in this 
research.

The objective of finding a suitable process of working with Virtual Design and 
Construction (VDC) methods to support and synchronise the flow of 
information, materials, construction workers and required resources on 
construction sites can in a theoretical view be concluded obtained. The aim of 
this thesis was to provide a process model including techniques and methods 
which can be used by site managers to reduce the waste and improve the 
productivity on construction sites. The proposed process model has that 
opportunity. However, deploying the process model in practice requires a site 
manager who really believes that the process model can help him/her to 
improve the daily work and that he/she can spread that conviction to each of 
the entire workers on-site. The process of working with the techniques and 
methods should also be very easy to use. In the beginning of the 
implementation phase it can be better to limit the number of functions in the 
tools and step-by-step extend the number of function. The users will probably 
find functions that they want to integrate in the tool.  

This study is based on interviews and studies of some residential projects and 
theory of Virtual Design and Construction (VDC) and construction 
management. The process model is developed from a residential perspective, 
however the author believes that the proposed process model has the potential 
to be applied in most kind of construction projects. Since this model is based 
on open standards, it is possible to replace some of the techniques and methods 
to a more suitable technique or method for a specific project, e.g. replacing the 
use of the LBP method to an ABP method in a small bridge project. 
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6.4 Suggestion for further research 

Since the developed process model is a proposal, the model must be evaluated 
in several case studies. It is important to perform the evaluation step-by-step, 
i.e. evaluate the different techniques and methods of the proposed process 
model in several case studies before the entire process model is evaluated. 
Following case studies are suggested: 

- The first case study should consist of the evaluation of working with 
LBP in combination with 4D modelling and the use of actual data for 
follow-up of the schedule. The LBP schedule can be based on 
model-based quantity take-offs. The report of actual data can be 
performed by reporting actual start and finish of the scheduled activities 
via a web-based application in the site booth. 

- The second case study should consist of the evaluation of working with 
the synchronisation tool for look-a-head and commitment planning. 
Useful information, such as the activities in the look-a-head schedule 
and planned time for deliveries, should be extracted into the tool which 
twins all information together and in that way helps the site manager to 
track all information during the look-a-head window of the planned 
activities. 

- In case study three the use of PDAs on-site should be evaluated. 
Activities should be wireless allocated by the site manager to the PDAs 
of the crews on-site. In addition, the activities should also be reported 
started and finished by the crews back to the site manager. The state 
machine in the synchronisation tool should coordinate the work on-site. 

- All these techniques and methods should be combined and evaluated in 
a fourth case study.

- When the proposed process model is evaluated and adjusted further 
developments should be performed. The process should be connected to 
the order and delivery system and the enterprise system of the 
company. 

The process must also be further developed consisting of the process of the 
design phase. The information established in the original BIM should serve the 
downstream process, i.e. quantity take-off, cost estimation, purchase planning 
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etc., with all information required. A database, which can support this, is 
required. This process should also be evaluated in several case studies. 
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Abstract
This paper explores the use of 4D CAD models combined with Line-of-Balance (LoB) scheduling 
technology for the planning of cast-in-place concrete construction processes. The aim of the paper is to 
show the potential of managing the flow of resources through locations on construction sites. We 
define this as work-flow. In addition, the paper aims to show how the planning and construction 
process for cast-in-place concrete structures can be improved by using 4D CAD models in combination 
with the LoB scheduling technique. We use a residential construction project as a basis for our study. 
First we describe how the process for cast-in-place concrete construction is planned and managed by 
the contractor of the case study project. This section is followed by a description of how we set up and 
modelled the case study project using 4D CAD and LoB diagrams. The suggested planning method, 
based on 4D CAD models and the LoB technique, is analyzed by comparing the method to the 
traditional planning method used by the contractor. This comparison shows strengths and weaknesses 
of both approaches. The paper is concluded with suggestions for how 4D CAD and LoB technology 
can be integrated and how both methods can be applied for construction planning and control. 

Keywords 
4D, Line-of-Balance, construction planning, cast-in-place concrete 

1. Introduction 
A Swedish study of non-value adding work on the construction site indicated that only 15-20% of a 
construction worker’s time is spent on direct work. Approximately 45% is spent on indirect work 
(preparations, instructions, getting material, etc.). The remaining 35% is spent on redoing errors, 
waiting, disruptions, etc., i.e. room for improvements (Josephson and Saukkoriipi 2005). Principles 
from Lean Construction are increasingly applied as a means to reduce non-value adding work and other 
types of wastes (Bertelsen 2004). Lean Construction is often associated with industrial construction, 
which in its turn often is interpreted as prefabrication in factories and assembling on site. Prefabrication 
is not a suitable solution to all types of construction work, due to technical, economical or logistical 
project conditions. Cast-in-place concrete construction is a typical example of a construction method in 
which most of the work is carried out on the building site. Developments, such as prefabricated 
reinforcement carpets, permanent formwork and self-compacting concrete, have facilitated cast-in-
place concrete construction, but there still remains a challenge of combining these techniques in an 
efficient and reliable flow of work on site. In this paper we explore two increasingly applied process 
design methods to facilitate the planning and control of cast-in-place concrete construction, from the 
perspective of work-flow. 

A widely used method for process modelling is the Critical Path Method (CPM). The method 
concentrates mainly in the temporal aspect of construction planning and is seen as one-dimensional 
(Heesom and Mahdjoubi 2004). Construction projects have unique spatial configurations and the nature 
of projects is very important for planning decision (Akbas 2004). 4D CAD combines planning data and 
spatial data in one environment. 4D modelling is a process method in which 3D CAD models are 
visualized in a 4-dimensional environment. Planning supported by visual analyses of 4D CAD models 
is considered more useful and better than traditional planning, but does not provide insight in the flow 
of resources through specific locations in a construction project. Research and application of 4D CAD 
to date has been dominated by the linkage of 3D CAD building components with activity-based 
planning approaches, such as CPM schedules. The difficulty of applying flow-based thinking in such 
models arises from the problem that the models are based around discrete activities. An additional 
problem is the fact that 4D CAD models often are not organized according to a location-based logic, 
which further constraints the application of flow-based thinking. (Jongeling and Olofsson 2006) 
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Line-of-Balance (LoB) is a specific type of linear scheduling method that allows the balancing of 
operations such that each activity is seen as being continuously performed, even though the work is 
carried out in various locations (Heinrich et al. 2005). LoB considers location explicitly as a dimension 
which allows for easier planning of continuous resource use, which in turn enables cost savings, cuts in 
project duration, reduced work-flow variability, and less schedule risks as subcontractors crews can be 
kept on site until their work is finished (Sonia et al. 2004). However, the method does not explicitly 
address the spatial configuration of activities. In order to identify what building components are related 
to an activity, users still have to look at 2D drawings to understand the spatial implications of an 
activity. This process is prone to errors due to the fact that different users may develop inconsistent 
interpretations of how activities are related to building components shown on different 2D drawings. 
The locations in the LoB diagram provide some spatial information, but these are abstract 
representations of the real world. Spatial configuration of a project is often much more complex than 
the hierarchical location structure of a LoB diagram. (Jongeling and Olofsson 2006) 

We use a residential construction project as a basis for our study. We first describe how the process for 
cast-in-place concrete construction is planned and managed by the contractor of the case study project. 
This section is followed by a description of how we set up and modelled the case study project using 
4D CAD and LoB diagrams. The suggested planning method, based on 4D CAD models and the LoB 
technique, is analyzed by comparing the method to the traditional planning method used by the 
contractor. This comparison shows strengths and weaknesses of both approaches. The paper is 
concluded with suggestions for how 4D CAD and LoB technology can be integrated and how both 
methods can be applied in construction planning and control. 

2. Case study 
We use a residential construction project as a basis for our study (Figure 1). The study comprises the 
construction of three buildings with 12, 13 respectively 14 levels and a total of 156 apartments. The 
structure consists of cast-in-place bearing inner walls and concrete slabs. The outer walls consist of 
facades supported by steel columns. 

Figure 1. The case study project. (Source: Wingårdh Arkitektkontor AB) 

Existing 2D drawings was used to create a 3D product model from where  information were extracted , 
such as floor areas, concrete volumes, et cetera, that we used in our 4D models and Line-of-Balance 
(LoB) schedules. Three different planning experiments are presented in this paper. In the first 
experiment we use a traditional CPM-based schedule as a basis for 4D simulations where the aim is to 
show the potential to plan and communicate the schedule. The aim of the second experiment is to show 
benefits of integrating the LoB scheduling technique with 4D CAD, from the perspective of work-flow. 
The combination of both methods is applied to the planning process for the building structure. The 
third experiment is based on the same combination of LoB and 4d CAD, but this time planning the 
finishing work of the case study project.  

2.1. CPM combined with 4D CAD 
A CPM schedule shows the length and the succession of tasks, typically in the form of a bar chart. 
Information in this type of schedule about where the work should be done is often limited. For 
example, in the original schedule of the case study project the schedule provides the planner with 



information on what floor the work should be done, not in which apartment. Including this information 
in the schedule would lead to detailed schedules that are difficult to understand. As a result, much of 
the planning and coordination work is left to be solved on the building site, which often causes 
disruption of work. The experiment presented below aims to model and present construction operations 
in advance, in order to evaluate them before work on site is initiated. It is believed that this facilitate 
the learning of operations by crews, which in its turn add to the efficiency of the execution of work.  

Information for the 4D modelling process was obtained by interviews with planners and foreman of the 
main contractor. The master schedule of the case study project requires the completion of one floor 
within nine days of work. The contractor provides us with detailed information about the casting 
process of walls and slabs, including information about castings sections, sequences, required space, 
durations, et cetera. The contractor noted that the casting process was driving the construction process. 
Other work, such as installation of columns and assembly of facades work, was to be completed when 
there was space available. This planning practice leaves a lot to solve on site.  

Table 1. 4D model result of the CPM schedule, the arrows shows the direction of work flow. 
DAY Top view of 4D model Comments 

1

First casting sequence of bearing concrete walls 
(red) 
Put up steel columns (green) 

The schedule requires that the column crew puts up two 
thirds of the steel columns. The crew is forced to work on 
both side of casting work. This means that the two crews 
can interrupt each other which negative effect on the 
production rate. 

2

Second casting sequence (red) 
Put up steel columns before lunch (green) 
Put up facade walls after lunch (blue) 
Completed work (black) 

The casted wall on day 1 separates the column and wall 
casting crews which is good, but the steel column work 
crew still occupies two work spaces. 

3

Third casting sequence (red) 
Put up facade walls (blue) 
Put up shoring (yellow) 
Completed work (black) 

Due to the ongoing casting work the shoring crew has to 
work in two separate areas. The facade crew must 
complete their work before the shoring crew can occupy 
the work space. Also, the facade in the upper part of the 
figure cannot be completed due to the casting of the 
bearing wall. 

4

Put up facade walls (blue) 
Put up shoring (yellow) 
Completed work (black) 

The shoring crew starts on the opposite side of the facade 
crew. This means that the facade crew has to complete 
their work before the shoring crew can occupy the work 
space. However, the facade crew will be finished long 
before the shoring crew occupies this space. 



With the casting sequences as basis, we used a 4D model to visualize the activities that are required to 
complete the building structure for one storey. Table 1 shows the result of the first four planned days. 
During this period the bearing walls are cast and the steel columns, facade walls and shoring are put up. 
This is the challenging part of the planning exercise; i.e. it is difficult to get a continuous flow of 
resources and prevent disruptions. During the last five days the next floor is prepared and poured with 
concrete. These activities posed no planning difficulties and are not included in this paper.  

The planning of construction operations was made by spending only a few hours on the 4D modelling 
process, compared to the usual learning process of crews when they start a new type of construction 
work. Before the construction starts, the model can also be used to instruct the different crews how the 
work should be executed. The comprehension of the schedule increases by looking at the model instead 
of trying to explain the required tasks through a two dimensional drawing. This is an essential element 
from a lean perspective: crews should know how the work should be executed, before the work starts. 
There are many more aspects to the design and execution of construction operations than 
communication how the work should be done. For example, neither the CPM schedule, nor the 4D 
model explicitly show waiting time and unnecessary movement of workers. A good example of such a 
situation is the movement of the column crew during the first day. The time spent on moving to the 
other side of the concrete crew is not valuable for the customer which is a waste of time. During the 
movement the concrete crew can be disrupted, which causes lower productivity. This had not occurred 
if the column crew could work without moving to the other side. Similar problems also appear during 
the remaining days.  

This approach showed that time can be saved by planning the production in the computer instead of 
learning the work on site. However, the experiment also showed that the utilization of the work space 
and crews are far from optimized. Next experiment will focus on managing work-flow, in which the 
utilization of space and crews are considered. We do this by using Line-of-Balance (LoB) as a basis for 
our 4D model.  

2.2. Line-of-Balance combined with 4D CAD 
In this experiment we strive to create and manage a continuous flow of resources through the site. This 
is done by using the Line-of-Balance (LoB) scheduling technique. LoB is a two dimensional planning 
method where the X-axis shows the time (in this case nine days) and the Y-axis shows the places where 
the work should be done (Figure 2). The case study includes five places (or locations): four apartments 
and a stairwell. 

Figure 2. Line-of-Balance view of one storey. The upper left figure shows the defined locations (1-4 and SW). 



The LoB schedule shows eleven activities (casting walls, put up steel columns, facade walls, shoring 
and lattice girder elements, two times reinforcement in slabs, installations and casting slabs) which are 
needed to complete one storey. The casting work for walls and slabs, reinforcement and installations 
are performed according to a different hierarchical spatial configuration than the construction work in 
the apartments, on which the LoB diagram is based. The fact that the spatial breakdown structure 
differs for different stages in a project complicates the application of the LoB scheduling technique. 
The problem is described below.  

Figure 3. Use of spaces while finishing one storey. The yellow colour indicates the space needed for the different 
operations casting of inner walls (left), put up of the facade (middle) and remaining activities (right). The numbers 
represent the sequence of locations in the LoB diagram. 

A LoB schedule for the storey consisting of four apartments and a stairwell will be created and the 
subdivision of work spaces (locations) is decided to the level of apartments. The slabs and the inner 
walls consist of cast-in-place concrete and the outer walls consist of prefabricated facades supported by 
steel columns. Figure 3 shows the use of work space for some activities of the bearing structure. The 
left figure shows the space needed to cast the inner walls. The figure in the middle shows the spaces 
needed to put up the facade walls and the right figure shows the spaces needed for the remaining 
activities such as shoring. Thus, the location breakdown system does not fit all the activities, especially 
the casting of inner walls cannot be represented correctly since the inner walls are located in between 
the apartment structure. The three day activity for the construction of inner walls creates disruptions in 
the LoB view showing the work progress through sequence of locations, (Figure 4).

Figure 4. 4D view of a Line-of-Balance disruption. 

The crossing of two lines in a LoB schedule indicates a time-space conflict of two trades. The marked 
place in figure 4 shows a conflict between the façade trade and the casting of inner wall trade in the 
LoB diagram. The facade trade disrupts the concrete trade during the afternoon on the second day. But 
since the concrete work has no location dependence in the LoB schedule it cannot be concluded if it is 
a real time-space conflict or not. However, the 4D model of the same situation tells us that the 
displayed disruption in the LoB diagram in this case can be ignored since there is a lot of space 
available for both activities to be executed concurrently. 



It will be hard to plan for a continuous work-flow through locations using LoB technique with the 
proposed casting sequences. Mainly due to the locations of casting sequences compared to putting up 
of columns, façades and shoring. For example, the first casting sequences starts between section one 
and two, then it continues between section two and sw (stairwell), then between three and sw, and 
finally between three and four. Thus, the casting sequences cuts through all locations resulting in 
space-time conflicts between the casting crew and the other trades. The challenge is to find casting 
sequences which can be scheduled to minimize the space-time conflicts with the other trades. Figure 5
shows two different casting sequences, where the left figure show the original proposed sequence and 
the right an alternative solution.  

a) b)
Figure 5. Alternative casting sequences, a) shows the original proposed sequence whereas b) shows an alternative 
solution. The number in each location indicates the day a crew can work there without being in contact with the 
casting crew. 

Figure 5a) shows that during the first casting sequence (red) no locations can be occupied by the other 
crews without being in contact with the casting crew. When the second casting sequence (green) is 
completed, location one is available for other crews. The remaining locations become available after 
the last casting sequence is completed. This means that it will be difficult to manage a continuous flow 
of resources through the site. To coordinate the work-flow the casting sequences have to be changed 
(Figure 5b). This change provides more opportunities in the planning work. When the first casting 
sequence is completed location two is available. Next day, location one is available, and the remaining 
locations are available on day 3. The presented LoB schedule in figure 2 is based on the alternative 
casting sequences in Figure 5b). In table 2 the LoB view in figure 2and the corresponding 4D model 
are compared. 

Compared to the original CPM-based schedule, the work-flow is better. The unnecessary movement 
between different locations is reduced. The improved work-flow was achieved by a different choice of 
casting sequences which made the LoB scheduling possible. This method does not shorten the 
schedule, but does make it more feasible. In the last experiment we will now concentrate on the 
finishing work. 

2.3. Line-of-Balance combined with 4D CAD for planning of finishing work 
Normally a lot of subcontractors are engaged in the finishing work, all having their own time 
schedules. This will result in a more complex planning which is harder to control. In large projects it 
will almost be impossible to plan and control where the subcontractors should work without disrupting 
each other using traditional CPM schedules. This often results in waiting time for crews, especially 
when crews are dependent of the work of preceding trades.  
In this experiment we used a simple space model where each floor was defined as a location. First, a 
total of nine CPM based schedules representing the different trades are combined in a LoB view. This 
schedule is then evaluated and rescheduled using LoB technique and simulated in a 4D model. 

In the analysis of the CPM schedules in the LoB view revealed a number of errors in the original CPM 
schedules, see the left LoB diagram in figure 6. Putting up the windows was planned to be executed 
before the shoring was removed from floor 4 to 8. Installation of windows before the shoring is 
removed will probably complicate the work. On the 6th storey the non-bearing inner walls are put up 
both before the windows has been installed and shoring been removed. The plaster boards need to be 
weather protected before the inner walls can be installed. The shoring work cannot be moved because 
this activity is based on the master schedule and has to do with the curing time of the concrete slabs. 
The only possible solution is to move the starting date of the other activities to get a feasible schedule, 
see the right LoB diagram in figure 6. This will create a longer schedule but some of these activities 



can be started more close to each other, (these activities are marked with arrows in the figure). Other 
measures to shorten the time could be to put in more resources, change to a higher concrete quality to 
shorten the curing time, et cetera.  

Table 2. 4D model result of the Line-of-Balance schedule, the arrows shows the direction of work-flow. 
DAY LoB Top view from 4D model Comments 

1

First casting sequence of bearing inner 
walls (red) 
Put up steel columns (green, section 1,4 
and 3) 

The casting work and the work of putting the 
steel columns up are separated. The columns 
crew does not need to move their workplace to 
another area of the floor. 

2

Second casting sequence (red) 
Put up steel columns before lunch (green, 
section 3 and 2) 
Put up facade walls after lunch (blue, 
section 3 and 2) 
Completed work (black) 

3

Third casting sequence (red) 
Put up facade walls (blue, section 1 and 4) 
Put up shoring (yellow, section 2 and 1) 
Completed work (black) 

The shoring work in two sections is fully 
completed. Due to the casting work the facade 
work cannot be completed. 

4

Put up shoring (yellow, section sw, 3 and 
4)
Put up LGE (green, section 2 and 1) 
Put up facade walls (blue) 
Completed work (black) 

To make the schedule more clear we also made a 4D simulation. This is best made with a space model, 
where the activities are represented by transparent volumes of the work locations. The 3D model 
constructed for design purposes doesn’t have volumes included so first we have to add these volumes 
and import them into the 4D tool. The 4D model did not reveal anything new that was not clear from 
the LoB view, but it gave a better understanding of the schedule. 



Figure 6. Line-of-Balance view. Left: Based on CPM. Right: Rescheduled using LoB technique. 

3. Conclusions
In this article three experiments are presented that show the combined use of Line-of-Balance (LoB) 
schedules and 4D models for work-flow planning for cast-in-place concrete construction. The first 
experiment showed the need for a planning method that supports work-flow. The second experiment 
showed the strength of combining the LoB technique and 4D modelling. The third experiment 
demonstrated the planning of the work-flow for finishing work. These experiments show that work-
flow can be managed with these techniques, but there are some challenges remaining. One challenge is 
when trades have different hierarchical spatial configuration of the work spaces. The study shows that 
the combination of LoB technique and 4D modelling is a possible solution to resolve this issue. 
Furthermore, the possibility of analyzing the schedule from a feasibility point of view will reduce the 
waste on the construction site. Also, the 4D model provides a better overview compared with the LoB 
schedule and can be used to communicate the planned work to the construction crews. Applying work-
flow management, which is one component in lean construction, in cast-in-place construction seems to 
be important to make the construction process more effective. As 3D modelling is becoming more 
common in the design phase, the LoB method and 4D modelling can with little effort be combined to 
create, simulate, analyze and communicate schedules based on work-flow management through 
locations on the construction site.  
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ABSTRACT 

This paper explores a proposed process model for construction synchronisation. The 
aim of the paper is to show the potential of working according to the Last Planner 
System of production and control by combining time-space planning methods and 
Field Force Automation. In addition, the paper aims to show the benefits of working 
with real time support regarding taking control actions in the schedule and to collect 
data for follow-up analysis. The paper first provides a background of the research and 
a description of the various methods and tools used in the process model. A process 
model is proposed based on the last planner and control system for the 
implementation of a new ICT tool with the purpose to enhance, planning and control 
in order to enhance construction synchronisation. It is concluded that site managers 
needs tools to change their view of planning from static view of the schedule which 
can be revised once or twice per project to the view that the schedule is a total 
dynamic instrument to be used to develop prognosis and measure for avoiding waste 
and delays in the realisation phase of the construction project. The paper is concluded 
with suggestions for how the method can be further developed and improved. 

KEYWORDS 

Construction synchronisation, Last Planner, 4D modelling, location based scheduling, 
field force automation 

1 INTRODUCTION 

During latest time the construction industry, in comparison with other industries, has 
been fighting with profitability problems. This has resulted in higher demands on 
lower production costs, shorter production-times, faultless buildings and longer 
guarantee periods. To meet these requirements the demand for just-in-time deliveries, 
supplier output and precision of deliveries has been higher, both concerning materials, 
equipment and subcontractors. Several studies indicate that both the level of material 
waste and thieving at construction sites are high. The materials are damaged or the 
quality is reduced because of bad handling. This has lead to poor quality of the 
finished building. Studies also indicate low productivity. A Swedish study of non-
value adding work at the construction site indicated that the low productivity follows 
as a consequence that only 15-20% of a construction worker’s time is spent on direct 
work. Approximately 45% is spent on indirect work (preparations, instructions, 
getting material, etc.). The remaining 35% is spent on redoing errors, waiting, 
disruptions, etc., i.e. room for improvements, (Josephson & Saukkoriipi 2005). 

In the light of these facts, the interest of industrialized construction has been grown 
during the last years. Industrialized construction can be interpreted differently 
depending on who is talking about it. Some refer to the car industry and mean that 
houses should be built like cars, i.e. make use of the effect of repetitiveness and a high 
degree of prefabrication, supported by an advanced ICT-system. Others interpret 
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industrial construction as an efficient and well planned traditional construction 
process but with less trades and decisions on site, (Apleberger et al 2007). From 
studies regarding production philosophies and concepts, like the Toyota Production 
System (TPS), Supply Chain Management (SCM), Just-In-Time (JIT), following 
subjects are taken to as aspects of industrial construction (Lessing 2006): 

1. Planning and control of the processes 

2. Developed technical systems 

3. Off-site manufacture of building parts 

4. Long-term relations between participants 

5. Logistics integrated in the construction process 

6. Customer focus 

7. Use of information and communication technologies 

8. Systematic  performance measurement and re-use of experience 

Using today’s advanced information technology it would be possible to create an ICT-
tool system to manage the most of the subjects mentioned above. Further, these tools 
must be arranged in a process model to suit the end user. This research is made to 
evaluate if improvements can be made in planning and management of construction 
projects using such a system, i.e. if production managers are able to plan and manage 
their construction project with better results and less time spent. In long term this will 
lead to less waste on site, which results in lower production costs, which in turn will 
lead to lower house prices. 

2 OBJECTIVES 

The objectives of the paper is to find a suitable process to support and synchronize the 
flow of information, materials, labours and needed resources on the construction site. 
It is also assumed that needed information from the design can be extracted from a 
building information model 

3 THEORY 

According to Koskela (1999) the preconditions to complete a construction task is 
dependent on seven resource flows, construction design, components and materials, 
workers, equipment, space, connecting work and external conditions, each of these 
has to be planned and controlled. 

According to Bazjanac (2004), the construction industry has been using specific CAD 
software for more than 20 years. Today, the industry is in the process of utilising 
CAD information in downstream applications to model the performance relevant to 
the building’s life cycle. The problem is that unless the applications belong to an 
integrated suite of software tools, these applications are often not able to exchange or 
share data. This results in duplication of data causing information errors in 
downstream activities, (Jongeling 2006). Vendors have developed their own propriety 
data models but these are just designed to support the work of data exchange within a 
particular vendor’s suit of tools. 

Creating 4D models is to link 3D CAD objects with scheduling activities regarding 
procurement and construction. The result allows project stakeholders to view the 
planned construction over time on a screen and to review the planned or actual status 
of a project. In construction projects, site managers run mental 4D models in their 



heads to think about the best construction sequence of the project. General contractors 
can use 4D models to coordinate the workflow of their subcontractors and site 
logistics over time. There are also examples of using 4D models communicate the 
scope and schedule of the project to subcontractors to solicit their input in a timely 
manner. Is has been shown that 4D models can reduce the time for communicating the 
schedule to subcontractors while increasing the amount of subcontractor feedback. 4D 
models can be used live during subcontractor coordination meetings to review the 
sequence of work and related logistics and thereby prevent time-space conflicts 
between general contractors and subcontractors, (Fischer and Kunz 2004). 

One of the most effective ways to increase productivity in construction is to plan more 
efficiently, improving production by reducing delays, getting the work done in the 
best constructability sequence, matching manpower to available work and 
coordinating multiple interdependent activities, (Ballard 1994). Ballard (1994) also 
states a number of obstacles that must be overcome to improve planning: 1) 
Management focus is on control. 2) Planning is understood in terms of the skills and 
talent of planners instead of seeing it as a system. 3) Planning is only understood as 
scheduling, not a crew level planning. 4) The planning performance is not measured. 
5) Deviations from planning are not followed up to identify causes. 

Most construction projects create a master schedule at the beginning of the 
construction phase, extending from beginning to end of the project. Such schedules 
cannot be detailed too far into the future because of lack of information about actual 
durations and deliveries. Most construction projects use some form of short term 
schedules to coordinate and direct the various trades and crews working on the job, 
lookahead schedules. Usually the lookahead schedule is simply a drop out from the 
master schedule with a greater level of detail, but no screening of schedules soundness 
or other criteria. (Ballard 1997) 

The Last Planner System of production and control consist of three components: 1) 
lookahead planning, 2) commitment planning (often in form of weekly work plans) 
and 3) learning. Activities are dropped from the project master schedule into the 
lookahead window, typically 6 weeks ahead the planned start of the construction 
activity. During this period the activities are constantly screened for constraints. The 
constraints that prevent activities from being a sound assignment are identified and 
actions are taken to remove those constraints. This is done by adding ‘make ready’ 
tasks to the activities in the lookahead window. No activity is allowed to retain its 
scheduled start time unless the planner is confident that all constraints will be 
removed in time. This assures that problems will be surfaced in an early stage. The 
primary categories of constraints are directives, prerequisite work and resources. 
Directives mean guidance about which work should be done. Prerequisite work is 
work that has to be prepared or done before the assignment can start. Examples 
include access to material, information and shop drawings. Resources are labour, tools 
equipment and space. (Ballard & Howell 2003) 

Commitment planning is a commitment to what WILL be done, after evaluating 
SHOULD against CAN based on actual receipt of resources and completion of 
prerequisites. This strategy imitates one of the rules in the Toyota Production System 
(TPS). The rule is to stop production rather than send bad quality products down the 
line. The construction analogue to stopping production is assuring that only quality 
assignments will be released for production. Commitments to specific activities and 
tasks are often made weekly. The requirements for a quality assignment are definition, 



soundness, sequence, size and learning. Definitions means that assignments are 
specific enough that the right type and amount of materials can be collected, work can 
be coordinated with other trades, and it is possible to tell at the end of the week if the 
assignment was completed. An assignment is sound if the answer to questions like: 
Are materials on hand? Is design complete?  Is prerequisite work complete? is yes. 
The intent is to do whatever can be done to get the work ready before the week in 
which it is to be done. The sequencing is about selecting assignments in right order 
according constructability etc. and to identify workable backlogs in case assignments 
fail. Assignments should be sized to the productive capability of each crew. The 
assignment should produce work for the next production unit in the size and format 
required. (Ballard & Howell 1998) 

Each week, last week’s weekly work plan is reviewed to determine what 
commitments were completed. If a commitment has not been kept, the reason is 
provided. The reasons are analyzed to root causes and actions are taken to prevent 
repetition, (Ballard & Howell 2003). The quality of the weekly work plan is measured 
by taking the number of committed assignments completed divided by the total 
number of committed assignments expressed as percentage. This is called Percent 
Plan Complete (PPC), (Ballard 1994). 

Location based scheduling is a method to provide information about the location of 
work and work crews. The ability to manage work tasks through locations of a project 
increase, thereby it is possible to ensure work flow, work reliability, avoidance of 
interference, improved quality and reduce work. Scheduling the precise location of 
multiple work crews makes the site management easier. The chart indicates where 
crews should be on a given moment and if crews are in wrong place it can rapidly be 
corrected. For site operatives, it is extremely powerful to know the precise location of 
a work crew. Consider the situation where there is a 50 level building with ten 
apartments per level. That is 500 locations where you might find a work crew. It 
certainly provides a lot of opportunities to hide or work out of sequence. With 
location based scheduling there can be no dispute about where work crews should be 
physically located, and especially where they should NOT be. This is very useful 
when managing subcontractors because with location based scheduling this is clearly 
documented and sequenced. (Kenley 2004) 

Seppänen and Kenley (2005) states that location based scheduling are convenient to 
measure actual productivity versus planned productivity. This is done by recording 
the start date and finish date, actual quantities and average resources used in each 
location with the planned values. The location based data gives the ability to measure 
within tasks unlike PPC that only reveals completion of the different stages. 
Furthermore, the knowledge of planned, and actual, quantity data, production rates 
and resources, provides more information than is available with PPC. According to 
Seppänen and Kenley (2005) experiences on real case studies, the monitoring should 
be done at least weekly to get accurate enough results. Daily follow-up would give 
more accurate results but is very difficult to implement using manual systems. The 
follow-up of location based schedules makes it possible to forecast activities in the 
future. The forecasts are based on the assumption that the production continues with 
the same productivity as before. Figure 1 is showing three tasks in five locations 
where the continuous lines are the planned tasks, the dotted lines are the actual work 
and the dashed lines are the forecasts. The red vertical line shows the actual date. 



Figure 1:  Location based schedule displaying planned, actual and forecasted work. 
(Seppänen & Kenley 2005) 

Task one has started when scheduled but has been slower than planned. Using the 
current productivity the task will have a total delay of approximately one and half 
week. Task two started almost one week before schedule and has been working a bit 
faster than planned. If task two continues with same pace it will soon be in conflict 
with task one and have two wait for task one to be finished before it can continue. 
Task three has also started about one week before scheduled but have worked with 
same pace as planned. Because of the delay of task two it will be a delay of at least 
one week between level three and four. (Seppänen & Kenley 2005) A combination of 
location based scheduling using model based quantity take-off per location can be 
used to enhance workflow and the production of 4D models, (Jongeling & Olofsson 
2007).

Field Force Automation (FFA) is a generic term for mobile field services applications 
used for real time support of orders, scheduling, supervising and reporting in the field. 
A FFA system consists of a number of components to give real time support of 
dynamic fieldwork operations like scheduling, allocation, dispatch, reports and 
follow-ups. The generic access is independent of hardware platform and network, i.e. 
it is possible to connect from mobile phones and hand terminals etc. to the Internet 
connected terminals. The applications in the system give a lot of opportunities e.g.: 

- work orders can be distributed by the planner or received on request from field 
workers

- field workers can announce accepted, rejected, started, interrupted and finished 
tasks

- work orders can be reported to the office for inspection, attest and invoice 
handling

- GPS tracking of the geographic position of workers and work locations 

- Statistics for analysis of lead times and utilization of resources 



The integration with IT environment of the company results in an efficient workflow. 
For example, master schedules activities can be decomposed for operation and 
follow-up in the FFA system on a daily basis. (Olofsson and Emborg 2004) 

From the literature survey it can be conclude that there exist a number of model-based 
tools and methods that can be used to enhance the coordination on the construction 
site. However, these tools are today not integrated in an overall process that supports 
the pre-condition for a productive work. 

4 PROCESS MODEL 

The presented process model, which is based on interviews with project managers, is 
a proposal of how different systems and software applications can be integrated to 
manage and control the dynamic of the construction process according to the last 
planner system of construction and control. Experts in each system and software 
application have been involved during the creation of the process. The model includes 
Building Information Models (BIM), Location Based Scheduling, 4D modelling and 
Field Force Automation (FFA). The FFA is divided into several phases which will be 
described below. The process of the proposed system is described in a flow chart in 
Figure 2. 

Figure 2:  A flow chart for integrating software application in the managing and 
control of the construction process. 

The system need to have access to the order and delivery system and to the enterprise 
system of the construction company responsible for the project. A model server is 
used for data storage and exchange with software applications and is accessible via 
web services. The architecture of the system is based on the theory of the Last Planner 
System of production and control. 

4.1 BUILDING INFORMATION MODELLING 

The scope of BIM in this system is to serve the 4D model with graphics and the 
scheduling with a location based Bill of Quantities (BOQ). The quantity take off can 



be made directly from the BIM with the help of a plug-in application which has 
access to company specific database including recipes, see Figure 3.

Figure 3: Model based quantity take off. (www.tocoman.se) 
The BOQ and recipes are then extracted to the scheduling software. When the BOQ is 
created the work with purchasing materials can start. 

4.2 SCHEDULING AND 4D MODELLING 

The scheduling can be made in a traditional activity based scheduling applications, 
i.e. using the Critical Path Method (CPM) method shown with a Gantt chart. 
However, we recommend using location based scheduling software to support 
workflow, but also to link material supply to specific work locations on site. The 
master schedule, according to LPS, should only consist of main activities. The master 
schedule can be simulated in a 4D environment to communicate with involved 
stakeholders in the project which also provides a quality check of the master schedule. 
Figure 4 is showing a location based schedule simulated in a 4D environment. 

Figure 4: A 4D simulation of a location based schedule. (Norberg et al 2006) 
Tasks are dropped from the master schedule into the more detailed lookahead 
schedule, typically 6 weeks ahead the planned start. Actually, the span of the 
lookahead window decides when a task is detailed in the lookahead schedule. The 
span of the window is decided by the longest lead times, i.e. procurement, delivery of 
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shop drawings etc., for each task in the master schedule. This schedule can in turn be 
simulated once again using 4D on a more detailed level. 

4.3 FIELD FORCE AUTOMATION 

As described in chapter 3 the FFA consists of a number of components. The main 
components, shown in Figure 5, in the proposed system are Construction
Synchronisation and Construction Report where the Synchronisation tool is mainly 
used by the on-site manager and the Reporting tool is used by the construction crews 
on site.

4.3.1 CONSTRUCTION SYNCHRONISATION 

The Synchronisation tool consists of several functions, Extract, Convert, Allocate, 
Status, View, Monitor & Coordinate and Statistics.

Figure 5:  The FFA architecture. 
The Extract function imports all the data needed to the system, where the most 
important input comes from the lookahead schedule complemented with data from 
purchasing schedules, delivery plans and resource plans etc., necessary to manage and 
control deliveries of resources and material to the site. The more information that are 
put into the system the less information the site manager have to keep in mind. When 
all data are extracted into the system each task has information about, scheduled start, 
earliest start, latest start, duration, demand for competence, prerequisite work and 



resources, duration for preparation and deadlines for when different specific task must 
be started and finished. 

In the Convert phase it is possible to create Preparation tasks and Production tasks. 
Preparation tasks are tasks which have to be done to make ready a production task. 
Production task are part of a main activity from the lookahead schedule, i.e. a main 
activity usually consist of several production tasks. 

The preparation and productions tasks mentioned are distributed to team or 
individuals. This is done with the Allocate function.

A task has different kind of a state, i.e. allocated, accepted, started, interrupted and 
finished. These are changed in the state function.

The view function gives the site manager an overview of the scheduled tasks. This can 
be presented in different ways depending of how the site manager wants to present the 
tasks. Figure 6 shows an example of how the interface of view function can look like. 
Alarms with different kinds of severity are also possible to define to indicate or 
prevent delays. 

Figure 6: An example of the view function. (Olofsson & Emborg, 2004) 
The Monitor & Coordinate function is one of the most important functions of the 
system. This function continuously screens the process for changes and calculates 
risks caused by delays. Alarms can be defined in different stages, e.g. risk for delay, 
delayed and critical delay. Coordination between different tasks can also be defined 
using a state machine defining the relations between different tasks. Signalling 
between tasks can be setup to be done automatically. For example, if one task is 
active several recourses are blocked to other tasks. When the active task is reported 
finished, the resources will be available for other tasks and the following task can be 
notified of the possibility to start a new production task on a specific location, pulling 
the next team to start a new production task. This function also reports actual state of 
a production task back to the lookahead and master schedules. 

Monitoring the process enables finished work to be analyzed. This is done in the 
statistical function. This data can be further exported to applications designed for 
statistical research. 



4.3.2 CONSTRUCTION REPORTING 

The Reporting tool consists of the functions View and Status. This tool is used on site 
by the workers on site with use of Smart phones or Pocket PCs. 

When tasks are distributed from the site manager to teams or individuals they are 
shown in the View function. In this function it is possible choose how the tasks will be 
presented, e.g. a table with listed tasks, a 2D view with colour coded tasks, a 3D view 
with highlighted objects, see Figure 7.

Figure 7: Examples of the interface of the View function. 
When selecting a task it is possible to get all information needed to execute that 
particular task. It is also possible to see where and when other tasks are being 
performed at the building site. 

As in the Synchronisation tool the state of each task can be changed between 
accepted, started, interrupted and finished. This is done in the State function, see 
Figure 8.

Figure 8: Examples of the interface of the State function. 
The different states are automatically registered in the Monitor and Coordinate
function in the Synchronisation tool. In case when a task is interrupted the reason can 
be reported back to the site manager.

4.4 CONNECTION TO OTHER SYSTEMS 

The data reported should also be able to be imported by other systems, e.g. to the 
order and delivery system and the enterprise system for resource and material 
purchasing normally used at the head office.  

5 DISCUSSION AND CONCLUSIONS 

The proposed system is defined to support the theory of the Last Planner System of 
production and control. The connection between the monitor & control function in the 



construction synchronisation tool and the location based schedule result in a 
continuously updated schedule that can be communicated in real time. The 4D model 
complements the planning when communicating the schedule with subcontractors and 
suppliers. Today, most 4D models visualize the workflow but collected information 
makes it possible to visualize flow of material within and to the site. 

The construction synchronisation tool supports the lookahead planning in the LPS. It 
is in this phase where sound assignments are created and made ready for execution. 
The construction reporting tool corresponds to the commitment planning in the LPS. 
Commitments are made by accepting (WILL in LPS) distributed tasks. The learning 
phase in LPS corresponds to the monitor & coordination function in combination with 
the statistical function in the construction synchronisation tool. Theses functions can 
be setup to automatically measure PPC, production rates etc. Follow-up on 
construction tasks can be made automatically from reports produced by the FFA 
system. Otherwise, reporting that requires extra efforts by the construction crews 
tends not to be performed.  

The process model needs further developments and the most important is to get a case 
study to evaluate the model. It is also important to focus on an open environment so it 
is possible to choose whatever software you want. Site managers needs tools to 
change their view of planning from static view of the schedule which can be revised 
once or twice per project to the view that the schedule is a total dynamic instrument to 
be used to develop prognosis and measure for avoiding waste and delays in the 
realisation phase of the construction project. This system enables managing the 
dynamics on a construction site. Connecting the proposed system to the order and 
delivery system of the company, enables a better communication between suppliers 
and the building site which in turn will most probably generate better precision of 
deliveries. However, the supply chain needs to be able to quickly respond to changes 
in delivery times to the site.    

This type of system also promotes the delegation and distribution of responsibility for 
the work to the work crews on the site. With a better and more feasible work flow on 
site the variability and the stress will be reduced leading to better quality and 
productivity as a result. The follow-up on reasons for failure will also make it possible 
to benchmark and learn from project to project. It also give more opportunities for the 
construction company to coordinate use of crews and procurement of material for 
many for more that one projects running at the same time. 

We believe that better linking of the supply chain to the work on-site is a corner stone 
in transforming the traditional craftsman construction way of working to a more 
industrialized construction process.

We are currently interviewing site managers to ensure the possibility of implementing 
the system and change the traditional way of working on the construction site. The 
next step in this research is to evaluate the model in a real case study.  
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SUMMARY: This paper combines model-based design and construction techniques with principles from 
location based planning methods. Both concepts are applied in a practical study in which a model-based method 
is developed for the planning and control of cast in place concrete deliveries to the building site. The overall aim 
of this paper is to show a method that can be used to make the planning and control of the delivery process for 
cast in place concrete more efficient. The paper shows examples of changes in the way the concrete delivery 
process is handled by different actors. Using model-based working methods allow users to have better control of 
how for example material properties, such as concrete drying time, affect the planning and control of the 
delivery process. The paper first provides a background of the research including a description of the case study 
project.  This section is followed by a description of the various methods and systems used in the case study. The 
application of the method is discussed, based on interviews with both a ready-mixed concrete supplier and a 
contractor that took part in the case study. The paper is concluded with suggestions for how the method can be 
further developed and improved to support the scheduling and control of cast in place concrete delivery.

KEYWORDS: 4D modelling, Location based scheduling, Cast in place concrete, Concrete desiccation 

1. INTRODUCTION
Productivity in the construction sector has not increased with the same pace as the manufacturing industry during 
the last decades. One reason is the fact that the manufacturing industry has adopted a lean production philosophy 
combined with model-based product development. Model-based product development has enabled 
manufacturers to have a better control and understanding of the information generated and required for the 
product development and production process. Inspired by the manufacturing industry, the construction industry 
has started to adapt model-based working methods. Model-based techniques are in construction currently mainly 
referred to as building information modelling (BIM). 

The construction industry wants a higher degree of industrialisation, which often is interpreted as prefabrication 
of components in factories and assembly on site. Industrial construction is not limited or synonymous to 
prefabrication but can also be applied to cast in place concrete construction; a process in which most of the work 
is carried out on the building site. 

In cast-in-place concrete construction it is important to use concrete qualities with desiccation durations shorter 
than the time between pouring the concrete and the floor covering activity to prevent future moisture in the 
structure. These desiccation durations can be calculated which often results in different concrete qualities at 
different parts of the concrete structure. Model-based working methods allow users to have control of where and 
when these concrete qualities will be used. 

To work productively in on-site production it is important to create a continuous flow of available recourses. 
This is achieved by creating conditions in the planning and preparation phase to prevent discontinuity in 
production. There are a couple of techniques available, such as location based scheduling, 4D modelling and the 
Last Planner theory, which can be used to achieve that continuity. But using these techniques does not 
automatically solve the problem. The process of working with them and the information exchange must be well-
defined. This paper is a first attempt to define such a process applied to cast-in-place concrete construction. 
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2. THEORY

2.1 Building information modelling 
Building Information Modelling (BIM) is the process of creating an object-oriented 3D-CAD model, which also 
is referred to as BIM. The verb BIM is process oriented about how to act when creating the noun BIM which is 
the result of the process. The noun BIM is a static representation of a building that contains multidisciplinary 
data that defines the building from the point of view of more than one discipline. A BIM also includes 
relationships and inheritances for each building component. A 3D model that only defines a single view of a 
building, for example a structural engineers view, is not a BIM. BIM is also a process about systematically 
creating, storing and using model-based information. This definition implies that a 3D model is not 
automatically a BIM, it has to be object-oriented and contain information about the construction process and the 
product. A 3D model created just to visualize the graphic of building components are not per definition 
automatically a BIM. But a BIM can be the origin to a 3D visualization by adding textures etcetera. (Bazjanac 
2004) 

A BIM project is a project in which information exchange mainly is performed between BIM software and 
different actors, i.e. there are different extents of BIM projects depending on in which way information is 
exchanged between different actors. For example, many actors are internally working with BIM software to 
speed up their process but when they deliver their information to other project participants they exchange 
information in a traditional way. There are a number of different reasons for this practice, which are of practical, 
strategical and technical nature. In many cases there are no explicit requirements to deliver a BIM and actors are 
required to submit design documentation in a traditional way. Some actors do not trust the technology or are 
unsure about the legal status of a BIM and are therefore reluctant to share their model. In other cases information 
is not shared due to technical difficulties related for example to different data formats. These are just a number of 
examples of obstacles for sharing of model-based information. (Jongeling 2008) 

2.2 Location based planning methods 
The scheduling work in a construction project commonly consists of decomposing the project into manageable 
parts. Activities are defined to which a time frame is assigned, as well as resources such as equipment, materials 
and labour required to perform construction work. Proper scheduling eliminates bottlenecks and facilitates the 
supply of materials. Poor scheduling often results in waste, such as waiting time on site. The challenge in 
scheduling is to create enough time-space buffers between activities without making the buffers too big which 
results in poor economy of the project (Jongeling 2006). There are two main methodologies for scheduling: 
activity based scheduling and location based scheduling. These methodologies in turn have many different 
techniques (Kenley 2004).  

In construction projects the activity based scheduling method is the most used and often represented as a Gantt 
chart (Seppänen and Kenley 2005). The method is built on the assumption that activities are discrete events that 
are carried out on a predestined discrete location. The method relies on the Critical Path method, in which 
activities are identified that set the duration and pace of the entire project. If these activities can be identified and 
managed properly, the project can be controlled. Non-critical activities can be rescheduled without affecting the 
whole project. Gantt charts are often discipline oriented and do not consider the spatial layout of the project nor 
the spatial interaction between trades. (Jongeling 2006) 

A method which better supports the fact that construction projects are dependent of the spatial layout is the 
location based scheduling technique. This is not a new technique but due to the strong tradition of activity based 
scheduling the practical use in construction has been limited (Jongeling 2006). According to Mendez and 
Heineck (1998) the main concept of location based scheduling is the work continuity of the labour teams over 
the construction units. This technique is suitable for repetitive projects like residential buildings etcetera. The 
activities are represented by lines in a diagram going through the locations of the project. The spatial divisions 
are defined by the work breakdown structure (WBS) of the project. 

4D modelling integrates schedule information to 3D models. This makes it possible to display the planned 
schedule in a so-called 4D environment. 4D tools can output a movie of the linked schedule so that all 
participants in a project can understand the construction plan more realistically or show potential conflicts before 
they appear on site. Planners can also practise what-if scenarios to compare possible sequences. 4D-models are 
typically used graphically. Attempts are made however to incorporate other construction aspects in the 4D 



model, such as resource management, cost assessment and supply of materials to and within the construction 
site. (Wang et al. 2004) 

3. CASE STUDY 
The case study project consists of a new residential area in the south of Sweden. The area will include about 
three hundred new residences consisting of both detached houses and row houses. The project is divided in 
several parts and each part consists of a number of phases. This first part, shown in FIG. 1, consists of forty-
seven residences divided in four phases. 

FIG. 1: Site layout of the case study project. The first phase is marked with a dashed line. 

The ground floor and the floor structure in the row houses consist of cast-in-place concrete slabs. All other 
bearing structures are prefabricated components. Oak parquet and clinker are used as floor material in all 
apartments. A concrete supplier helps the contractor to choose the most suitable concrete quality for each casting 
sequence to prevent future moisture in the building, with special consideration to the flooring material. 

3.1 Application in case study project  
We used the case study to test our theories and methods which were presented to the main contractor and the 
concrete supplier and resulted in feedback. This part describes the process step by step  

3.1.1 Building information modelling 

The project was originally designed and modelled in 2D. We therefore had to create a 3D building information 
model including necessary components to simulate the activities in the schedule. Most of the work was 
concentrated on the concrete slabs which had to be divided into several parts depending on the type of room 
(living room, WC, etc.) and the type of flooring material that was going to be used. The thicknesses of the 
ground floors were also varying depending on the haunches. Attributes were assigned to all slabs, such as 
volume, area, etc, to allow for quantity take offs. Other building components that were modelled in the 3D 
building information model was a) steel columns and beams; b) prefabricated external walls in the detached 
houses; c) prefabricated bearing walls in the row houses (gables and dividing walls); d) prefabricated slabs for 
the balconies; and e) ground floors in the storages. 

To be able to simulate activities in the schedule not represented by modelled components we created 3D spaces 
for each apartment on each floor and in each detached house. The spaces were given a degree of transparency to 
allow the user to see the building components inside them. Some of the surroundings, such as roads and trees, 
were also modelled to define the site context. 



3.1.2 Concrete quality calculations 

Calculations to determine the required concrete qualities of the slabs were made by the concrete supplier in 
consultation with the contractor of the project.  Most input data could be found in the schedule, blueprints and in 
descriptions of the project, but some information was supplied directly by the site manager. For example, will 
the slab be covered after the concrete pouring and if so when will the slab be covered and uncovered, will 
underfloor heating be used and if so what type of underfloor heating and when will it be used? 

The results from the calculations for the first phase (of in total four phases) are presented in TABLE 1 below. 
The different slabs used in the project are shown with an abbreviation such as P55 (Concrete ground slab with a 
thickness of 55 millimetres). The proposed concrete quality is either a standard C25/35 or a special concrete with 
shorter desiccation duration found by the concrete supplier (TorkBiX). The desiccation durations for proposed 
concrete quality can also be found in the table. 

TABLE 1: Concrete quality results from desiccation calculations. 

Phase Building Slab Concrete quality Desiccation duration (days) 

1 Row house F & E P55
P300
P100
B250

TorkBi3 
TorkBi5 
C25/30
TorkBi5 

84
84
84
70

House 12-14 P55
P300
P100

TorkBi1 
TorkBi5 
TorkBi5 

35
35
35

3.1.3 Location based desiccation simulations 

After having determined the concrete qualities we performed a location based visualization of the desiccation 
durations of the proposed concrete qualities. The project was not originally planned with location based 
scheduling technique. The activities belonging to the desiccation durations were therefore manually converted 
from the Gantt chart into a location based scheduling software, see FIG. 2. First the pouring concrete and the 
floor covering activities were converted (represented by the green, blue and cyan lines). These activities are not 
intelligent, i.e. they have no information about quantities and the amount of workers, but that is not considered 
necessary in this case. Information needed is start, stop and where the activities are going to be carried out. To 
simulate the desiccation durations the pouring concrete activity was copied and moved in accordance to the 
result from the concrete quality calculations. For phase 1 the activity had to be copied three times because of the 
three different calculated desiccation durations (84, 70 and 35 days). 

35 days

84 days

70 days

FIG. 2: Location based desiccation simulation for phase 1.

The location based schedule shows that choosing the concrete qualities recommended in the calculations will 
probably cause problems with moisture in the row houses. The calculated desiccation durations of seventy 



respectively eighty-four days will lead to moisture built in by the floor covering activities. This is shown by the 
desiccation durations which are behind the floor covering activities in time. There are four possible solutions to 
this problem: 

1. Change the concrete quality to a concrete type with shorter desiccation duration and make a new 
calculation. This will affect the production cost because of the more expensive concrete quality. 

2. Reschedule the floor covering activities. This will probably cause a delay of the whole project 
which often is expensive. 

3. Change or add methods that affect the calculation result. This can be done by covering the slab 
after pouring the concrete or by using underfloor heating in the slabs. 

4. Reschedule activities that affect the calculation results. For example try to build the roof earlier or 
install windows earlier to create an indoor climatic condition that will speed up the desiccation. 

The best solution is probably to combine all these control actions. 

3.1.4 4D simulations 

To be able to perform 4D simulations the building information model and the project master schedule were 
imported to a 4D viewer. Due to the large area of the site the site manager wanted to use the 4D model to 
visualize where the different crews should be at a specific moment. The 4D model was prepared with different 
activity types using a unique colour to represent crews working with concrete, wood, forging operations, bearing 
structure, scaffolding, roof works, sheet metal, floor covering, painting, electricity, heating and sanitation and 
finally ventilation. The activities in the schedule were then linked to the building components and the spaces in 
the model. Before the staff on site had learned using the 4D viewer, snapshots were taken for each week of the 
project and printed out for use on-site. This gave the staff the opportunity, in a very simple way, to get an 
overview of the planned production and where different crews should be working at specific times. Later on, 
after a short course about navigating and using the viewer to communicate the schedule, the staff could start 
using the model by themselves. 

The model was also used to simulate the desiccation of the concrete slabs. For this purpose the location based 
schedule was imported to the 4D viewer including information about times for the pouring concrete activities, 
the floor covering activities and the durations of the concrete desiccation. These activities were subsequently 
linked to the slab objects in the 4D model.  

3.1.5 Model-based quantity take off 

When the CAD objects were imported to the viewer the associated object attributes were also included as shown 
in FIG. 3. This means that it is possible to read the attributes when pointing at an object in the model allowing 
ordering concrete directly from the model. 

FIG. 3: A selected object containing data about the concrete quality and its volume. 



To create these orders information about the calculated concrete quality is required. The concrete quality was 
added in the viewer by adding so-called UDAs (User Defined Attribute) with the concrete quality as data. This 
data was added to all cast-in-place concrete objects in the 4D model. FIG. 3 is showing an object, representing a 
cast-in-place slab, with information about recommended concrete quality and the volume that must be supplied. 
Furthermore it is possible to get the information about the area, thickness, classification and the fact that the 
object is a slab in the bathroom of the apartment. 

Knowing this information it is possible to quick and easy make quantity take offs directly from the 4D model 
without any CAD tool, external estimating tool or Excel sheets. This is done by selecting optional objects, for 
example the slabs which are going to be poured in the next casting sequence, and selecting a reporting tool to 
group objects, including their attributes, according to user-defined sets. These reports were used as requests to 
inform the concrete supplier about the content in scheduled deliveries. The reports were instrumental in reducing 
the risks for the delivery of incorrect concrete quality and volume. 

3.2 Observations from the case study: advantages and shortcomings 
The first concrete quality calculation resulted in a quality with too long desiccation duration due to poor 
communication between the calculator and the site manager i.e. the calculator got wrong input to perform the 
calculations. The desiccation durations were far behind from the start of the floor covering activities. This part of 
the process must be better defined to minimize the lack of information. The calculation error was not detected 
during the time the project team solely used a Gantt chart. However, the error was identified when the 
desiccation durations were visualized in the location based schedule. 

The master schedule is preferably created in location based scheduling software, since the method supports 
scheduling and controlling work flow on site. The location based schedule also facilitates the flow of information 
in the process, i.e. the desiccation duration can be imported directly into the master schedule without converting 
the activities from a Gantt chart. 

In the beginning of the project we planned to use 4D modelling out on the construction site to support the daily 
work. However, the use of the 4D-model was limited due to insufficient training and a too complex user 
interface of the used software. The project participants suggested simplifying the 4D application to make the 
work quicker and easier. They also pointed out that the model must be well prepared with pre-set viewpoints 
etcetera. The substance of their comments was about making the application and the work process so easy that it 
will not cause any more work than they do today. Since we did the linking work between the schedule and the 
modelled objects by ourselves (the contractor did not join us in the process) information lacked to link all 
activities to the right objects. This affected the model and thereby the possibility to derive benefits from the 4D 
model. Simulating the desiccation durations was not tested on site. 

The contractor was very positive to the model-based quantity take off for concrete delivery orders and 
considered this function useful in several ways. Since the model was created from original 2D drawings by a 
third party some errors occurred. For example, some of the slabs had wrong thickness and the haunches had 
incorrect geometry. Due to the poor quality of the building information model this function could not be applied 
in practice. The risk that the model-based reports would contain wrong information about concrete volumes was 
considered too high. One suggestion was to add a factor lower than one to the volumes to decrease the order of 
concrete regarding to sanitation pipes inside slabs etcetera. Adding such a factor might incur risk because of the 
uncertainty when setting that factor. It can be set based on historical data of delivered concrete volumes to 
different kind of slabs but that database will probably take long time to build up to be safe enough. Another 
possibility is to model all pipes and ducts etcetera in 3D and subtract its volume from the concrete order. 
Reduction of the concrete volume depending of reinforcement can be calculated by the information from the 
recipes including number of kilogram per square meter concrete slab. However, this factor or subtracting method 
must be done by the contractor of the project. 

The bottleneck in this process is the fact that the concrete quality calculations are static. A schedule should be 
dynamic with the opportunity to be rescheduled when ever it needs. If the information in the schedule were 
direct linked to the input in the calculation it would be possible to manage the dynamic schedules. Creating the 
master schedule as a Gantt chart makes the information exchange between the master schedule and the location 
based desiccation visualization software disparagingly. When using Gantt charts for project planning it can be 
better to skip the location based desiccation visualization and only use the 4D simulation to control the 
desiccation durations. This would create a better flow of the process. 



According to Stewart et al. (2002) and Larsson (2003) this type of IT/IS projects need to be well prepared by a 
step-by-step implementation plan and with well defined visions and action plans. This project missed some of 
the contents in these plans. To start with, the project did not have a review committee and a strategic 
implementation plan was not used. Some kind of action plan was developed but it was not dynamic with new 
actions through the project. Visions were only created in each of the participant’s minds but were not printed out 
to share with all in the project and to strive for the goal. The skills of the participants in the applications were not 
good enough because too less training. There was no need to implement a reward and recognition system 
because all participant were enough motivated after a demonstration of the benefits in using these tools. The 
biggest problem in this project was the lack of human resources. As a Ph.D. student it was not possible to serve 
the participant with as much support as they needed. This was depending both in lack of time and the distance 
between the office and the case study project. 

4. PROPOSED PROCESS AND IMPLEMENTATION 

4.1 Process
This section presents a proposed process method for the process of working with model- and location-based 
techniques and aims to define relations between these techniques. The process method is based on the results 
from the case study project and from feedback delivered by the contractor of the project and the concrete 
supplier. 

The proposed process in FIG. 4 is based on the method described in chapter 3.1. The process consists of in total 
nine main steps. The first step starts with creating a building information model of the project. The information 
in a process like this should be based on a building information model already created in the design phase of the 
project. The rules of creating the geometry and the including information which must be delivered should be 
well defined in a CAD manual. Sending 2D drawings to a third party involves one more step in the process 
which makes the risk for errors bigger. But in the implementation phase of working according to this process the 
third party building information model can be a good alternative to speed up the implementation. Depending on 
the level of detail of the building information model it is possible to create a preliminary model-based quantity 
take off. These quantity take offs are not product specific (i.e. only the volume is known, but not the concrete 
quality). These quantity take offs can give the concrete supplier a forecast about how much concrete will be 
ordered in the near future. Using model-based quantity take off in the early phase even shortens the information 
flow, i.e. exact quantities can be exported directly from the model instead of blueprints, ruler and lots of 
measuring inaccuracies. 

The second step of the process starts with the creation of a master schedule of the project. Considering work 
flow management the schedule is preferably created using location based scheduling techniques. This schedule 
includes information about when and where activities like pouring concrete, roof works, installation of windows 
and wall covering are planned to start. In step three the information from the building information model and the 
master schedule are imported to the 4D viewer. The 3D objects are linked to the activities in the schedule and a 
macro 4D simulation is performed. If the simulation is approved by the site manager the next step in the process, 
concrete quality calculations, can start. Otherwise the project has to be rescheduled. To minimize the information 
exchange, or the lack of information, the 4D linking should be performed by the site manager but in the 
implementation phase this work can be done by an external 4D modeller. When working in that way it is 
important to get a close collaboration between the 4D modeller and the site manager to minimize the risks of 
loosing information. The site manager has to define exactly how the 4D model should be delivered to the site. 
This information should be changed in a first meeting where the 4D modeller presents the 3D geometry in the 
model and where the site manager approve, or disapprove, the model if it meets the requirements or not. In the 
following time the 4D modeller and the site manager should continuously have information exchange about the 
process to prevent lack of information. 

To start the calculations information about pouring technique etcetera must be accessed by the site manager and 
the planned schedule. The result from the calculations is a proposed concrete quality and its desiccation duration. 
This calculation is done for every single slab. In step five the desiccation durations are visualized against the 
planned activities in a location based schedule. If the project schedule is available as a Gantt chart this schedule 
must be transformed into a location based schedule before the visualization can be done. If the visualization 
satisfy the site manager, according to planned floor covering activity versus calculated durations of the concrete 
desiccation, the process moves on to step six. If the visualization in the location based schedule shows that the 



desiccation durations are behind the start of the floor covering activities the concrete qualities must be 
recalculated.

FIG. 4: A proposed process method to support cast in place concrete construction using model- and location-
based techniques. 

Step six consists of adding the concrete quality information to the slab objects, perform a 4D simulation of the 
desiccation durations versus the planned schedule and finally perform model-based quantity take offs of the 
concrete directly from the 4D viewer. Adding the concrete quality information to the 3D objects directly in the 
viewer facilitates the process flow. Since this information is known late in the process the process flow would 
stop if this information has to be put into the original building information model with following updates of the 
objects in the viewer. Order and delivery of the calculated concrete qualities are made in step number seven. In 
step eight, just before the floor covering activity starts, moisture measuring and documentation are done to 
prevent that moisture will be built-in the structure. If there still is moisture in the structure the floor covering and 
underlying activities must be rescheduled, otherwise the process is completed with a follow up of the process. 

4.2 Implementation
A process model by its own is not a guarantee to succeed in real practise but what also is required is a detailed 
implementation strategy. There is a lot of various implementation strategies in the industry but in this paper we 
will use only two of them as examples. The first one is as step-by-step methodology by Stewart et al. (2002) 
presenting a strategic IT/IS implementation strategy. The second one presents five necessary components to 
implementing a Six Sigma culture by Larsson (2003). These implementation methods may not be fully 
applicable in this particular case but it gives an overview of important components when implementing new 
techniques and methods. 

The methodology presented by Stewart et al. (2002) consists of six steps which will be described below. The 
implementation is performed by a cross functional team of staff members, the IT/IS Review Committee (RC), 



which goal is to achieve corporate objectives. In the first step SWOT (Strengths, Weaknesses, Opportunities and 
Threats) factors are identified to define the way the organisation is managed. By collating these factors the 
organisation can undertake an analysis of them in the second step, the SWOT analysis. This step is used to 
provide a good basis for the implementation strategy formulation. The third step is to develop a diffusion 
strategy and is done by an analysis of the information from the previous steps. This results in recommendations 
which in turn must be reviewed by all that will be affected of the proposed IT/IS system.  The fourth step 
includes translating the recommendations into a more detailed operational strategy. In step five an 
implementation strategy or ‘action plan’ is developed which is the most detailed component of the strategic IT/IS 
implementation framework. This starts with the definition of action plans which includes an inventory of actions 
for implementation, a study of implementation procedures and action prioritisation with reference to strategic 
importance. When elaborating the action plans each action element must be studied concerning objectives, work 
breakdown structures, anticipated results, etc. The time and cost dimension must also be investigated, such as 
constraints, precedence, control points, purchase costs, development costs and maintenance costs. At the end of 
the elaboration phase, the human recourse issues (training, support, etc.) and the IT/IS management and 
coordination structure are analysed. Step five ends by reducing the risk factors or weaknesses in the strategic 
planning process. The five mentioned steps above should be supported by a monitor plan which is the sixth and 
last step in the implementation process. A continual performance monitoring should be implemented over the 
life cycle of the implemented process. 

According to Larsson (2003) five components are required to establish a Six Sigma culture which is a quality 
tool to reduce variances in production. The components are (1) Vision; (2) Skills; (3) Incentive; (4) Resources 
and (5) Action plan. These components are not only important for implementing a Six Sigma culture but also for 
implementing all kinds of changes. Establishing a Vision sets the framework for the mission, objectives and 
strategies. This provides everyone with a clear view of what and how it is to be accomplished. Implementation 
without a vision will only lead to confusion. Skills are achieved through training. Without skills there will be no 
change, it will result in anxiety. Working for change with labours with no incentives will only lead to a gradual 
change. Motivation can be reached via different kinds of ways, i.e. tying bonuses to achieved goals or via a 
reward and recognition system. Resources in the form of continuous improvement teams need to be provided at 
least one hour a week for team meetings. People will need to be trained, teams will need to be facilitated and 
managers will need to be coached. Excluding this type of resources in the implementation phase will result in 
frustration in the teams. Divisions, departments, and work units are required to generate Action Plans. This is 
living documents which means that as action are completed, they are removed from the action plan and new 
action items need to be added. These action plans are reviewed on how well each entity is doing on completing 
their action plan. Implementation fails to start if action plans are not created. 

5. CONCLUSION 
Working according to the proposed process facilitates users to increase the productivity of the cast-in-place 
concrete production as a result of better support for work-flow and information management. The method is 
aimed at collaborating and sharing information in an efficient way. Techniques used in the proposed method are 
not limited to cast in place concrete construction and have a potential to improve the construction process for 
other types of construction work.  

The method corresponds to location based planning methods. The well structured and well-defined process 
decreases waste as a result of poor information handling, which in turn create more value in the project. In 
addition, the application of model-based methods also facilitates the information exchange between different 
stake holders. Creating a 4D model based on the information from the BIM makes the information more 
accessible to the site manager which increases the possibility to manage and control the production in a more 
efficient way. The chances that the right material will be delivered in right time by using the information in the 
4D model to order materials are higher compared to a traditional practice which in the long run decreases the 
construction costs. This case study shows the advantage of using model-based methods to cast-in-place concrete 
structures, i.e. not only to prefabricated components. 

Seeing this case study as an attempt to implement the proposed process it can be concluded as failure but we 
think that this case study should be seen as a first study in the implementation process. From this paper it is 
possible to evaluate a vision that all can agree on and from there start with the step-by-step implementation 
methodology. The action plan created from that methodology should be well followed up with completed actions 



but also with necessary actions to be able to continue with the implementation. A cornerstone in implementing 
this IT/IS project is to add necessary human resources to support the participants. 

Implementing a process like this takes time and questions will arise with a technical, methodological and 
organisation nature. New roles will for example appear which do not exist in traditional project planning. We 
believe these obstacles will gradually vanish when the different actors have experienced the benefits of sharing 
model-based information. 
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