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Abstract 
 

A Proactive Approach for Change Management and Control 
 

on Construction Projects 
 

By 
 

Chao Chen 
 

Doctor of Philosophy in Engineering – Civil and Environmental Engineering 
 

University of California, Berkeley 
 

Professor C. William Ibbs, Chair 
 
 
 
Changes on construction projects present tough and controversial issues. Change is one 
of the primary reasons for schedule delay and cost overrun, which create negative impact 
on project performance and profitability. The liability of change and its consequences are 
major sources of disagreements between project participants, which often lead to disputes 
or claims. 
 
To answer the challenge of change, both industry and academia have developed change 
management techniques. Many studies have touched on the problem of quantifying 
project change’s direct and cumulative impact and apportioning change’s consequences 
to the responsible parties. However, more research needs to be done on predicting project 
change and proactive change management decision-making. This study addresses this 
important need and develops and tests a proactive change management tool. 
 
Accordingly, this study conducts a comprehensive change analysis and develops a 
proactive change management model to support project change management. The model 
is developed from a large set of project data. It addresses the proactive aspect of project 
change management and most of the key project attributes that determine the success of a 
construction project. A new set of project data is used to test the model and illustrate its 
applications. 
 
Among other things, this study identifies that: 
(1) Project change has a negative impact on project performance. 
(2) Design change and construction change are positively correlated. 
(3) Various factors affect the amount of project change. 
(4) Project decision-making should include careful consideration of these factors. 
(5) A tool for predicting the amount of change would help improve project performance. 
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These findings and developments provide a good framework for proactive change 
management. 
 
This study recommends that proactive change management be taken seriously in the 
project planning and design phases. In addition, the decision-making process should 
usually be directed towards minimizing project change. Finally, companies and 
organizations in the construction industry should collect and mine their project data to 
support their decision-making and improve cost efficiency. 
 
The primary contribution of this study to the existing body of knowledge is the 
development of the proactive change management model that is based on analysis of a 
very large and detailed project database. This model will help industry professionals 
predict potential change on their projects and benchmark their change performance 
against a large set of projects. It improves stakeholder ability to manage project change 
and its consequent effects. With this tool, better change management will result and the 
cost effectiveness of the construction industry will be improved. 
 
 
 
 
 



 i 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my Mom and Dad 
 

Mingqiu Lu and Jia’en Chen 
 

To Kunyuan Xue 
 
 
 
  



 ii 

Table of Contents 
	  
	  
Table of Contents ................................................................................................................ ii	  
List of Figures .................................................................................................................... vi	  
List of Tables ................................................................................................................... viii	  
Acknowledgements ............................................................................................................. x	  
Abbreviations ..................................................................................................................... xi	  
Glossary ............................................................................................................................ xii	  
Chapter 1 Introduction ........................................................................................................ 1	  

1.1 Background ............................................................................................................... 1	  
1.2 Need for Research ..................................................................................................... 1	  
1.3 Problem Statement and Research Objectives ........................................................... 2	  
1.4 Scope of Work .......................................................................................................... 3	  
1.5 Dissertation Structure ............................................................................................... 4	  

Chapter 2 Literature Review ............................................................................................... 6	  
2.1 Project Change: Definition, Types, Causes, Timing and Magnitude ....................... 6	  

2.1.1 Definition of Project Change ............................................................................. 6	  
2.1.2 Types of Project Change .................................................................................... 6	  
2.1.3 Causes of Project Change .................................................................................. 6	  
2.1.4 Timing and Magnitude of Project Change ......................................................... 7	  

2.2 Impact of Project Change: Direct Impact vs. Cumulative Impact ............................ 7	  
2.2.1 Direct Impact vs. Cumulative Impact ................................................................ 8	  
2.2.2 Change Impact on Labor Productivity ............................................................... 9	  

2.3 Project Attributes and Project Performance Metrics .............................................. 10	  
2.3.1 Project Attributes ............................................................................................. 10	  
2.3.2 Critical Success Factors for Construction Projects .......................................... 12	  
2.3.3 Project Change Performance ............................................................................ 13	  

2.4 Existing Project Change Management Systems ..................................................... 14	  
2.5 Existing Project Change Prediction Analyses ........................................................ 16	  
2.6 Summary of the Literature Review ......................................................................... 18	  

Chapter 3 Research Methodology ..................................................................................... 23	  



 iii 

3.1 Research Framework .............................................................................................. 23	  
3.1.1 Literature Review ............................................................................................. 23	  
3.1.2 Project Change Analysis .................................................................................. 23	  
3.1.3 Project Attributes and Project Change ............................................................. 24	  
3.1.4 Project Change Predictive Tool ....................................................................... 24	  
3.1.5 Proactive Change Management Model ............................................................ 25	  

3.2 Data Source ............................................................................................................. 25	  
3.3 Tools and Techniques ............................................................................................. 26	  

3.3.1 Statistical Correlation ....................................................................................... 26	  
3.3.2 Analysis of Variance ........................................................................................ 26	  
3.3.3 Linear Regression Model ................................................................................. 27	  
3.3.4 Decision Tree Model ........................................................................................ 27	  
3.3.5 Statistical Clustering ........................................................................................ 27	  

Chapter 4 Project Change Analysis .................................................................................. 29	  
4.1 Defining Project Change ......................................................................................... 29	  
4.2 Defining Cost Overrun and Schedule Delay ........................................................... 30	  

4.2.1 Cost Overrun and Cost Inefficiency ................................................................ 30	  
4.2.2 Schedule Delay ................................................................................................ 32	  

4.3 Research Method .................................................................................................... 32	  
4.3.1 Research Hypotheses ....................................................................................... 33	  
4.3.2 Data Source ...................................................................................................... 33	  
4.3.3 Tools and Techniques ...................................................................................... 33	  

4.4 Project Change and Project Performance ............................................................... 34	  
4.4.1 Analysis of Project Change Metrics ................................................................ 35	  
4.4.2 Analysis of Project Cost Inefficiency and Schedule Delay ............................. 37	  
4.4.3 Change Effect on Cost Inefficiency and Schedule Delay ................................ 38	  
4.4.4 Correlation Between Cost and Schedule Performance Metrics ....................... 40	  

4.5 Summary ................................................................................................................. 41	  
Chapter 5 Project Attributes and Project Change ............................................................. 43	  

5.1 Introduction and Research Method ......................................................................... 43	  
5.1.1 Project Attributes ............................................................................................. 43	  
5.1.2 Research Method ............................................................................................. 44	  



 iv 

5.2 Project Delivery Method and Project Change ........................................................ 44	  
5.2.1 Background ...................................................................................................... 45	  
5.2.2 Project Profile .................................................................................................. 46	  
5.2.3 Results and Discussion .................................................................................... 47	  

5.3 Contract Type and Project Change ......................................................................... 52	  
5.3.1 Background ...................................................................................................... 52	  
5.3.2 Project Profile .................................................................................................. 52	  
5.3.3 Results and Discussion .................................................................................... 53	  

5.4 Industry Group and Project Change ........................................................................ 56	  
5.4.1 Background ...................................................................................................... 56	  
5.4.2 Project Profile .................................................................................................. 57	  
5.4.3 Results and Discussion .................................................................................... 58	  

5.5 Project Nature and Project Change ......................................................................... 62	  
5.5.1 Background ...................................................................................................... 62	  
5.5.2 Project Profile .................................................................................................. 63	  
5.5.3 Results and Discussion .................................................................................... 63	  

5.6 Fast-tracking and Project Change ........................................................................... 68	  
5.6.1 Background ...................................................................................................... 68	  
5.6.2 Project Profile .................................................................................................. 72	  
5.6.3 Results and Discussion .................................................................................... 73	  

5.7 Project Size, Cost Contingency and Project Change .............................................. 79	  
5.7.1 Background ...................................................................................................... 79	  
5.7.2 Results and Discussion .................................................................................... 79	  

5.8 Summary ................................................................................................................. 80	  
Chapter 6 Project Change Predictive Tool ........................................................................ 82	  

6.1 Introduction and Research Method ......................................................................... 82	  
6.1.1 Introduction ...................................................................................................... 82	  
6.1.2 Data Source ...................................................................................................... 82	  
6.1.3 Research Method ............................................................................................. 83	  

6.2 Linear Model ........................................................................................................... 83	  
6.2.1 Research Method ............................................................................................. 83	  
6.2.2 Model Development Steps ............................................................................... 85	  



 v 

6.2.3 Model Summary ............................................................................................... 90	  
6.2.4 Model Validation ............................................................................................. 91	  
6.2.5 Discussion and Practical Implications ............................................................. 92	  

6.3 Decision Tree Model .............................................................................................. 93	  
6.3.1 Research Method ............................................................................................. 93	  
6.3.2 Model Summary ............................................................................................... 95	  
6.3.3 Model Validation ............................................................................................. 99	  
6.3.4 Discussion and Practical Implications ........................................................... 100	  

6.4 Summary ............................................................................................................... 100	  
Chapter 7 Conclusions and Recommendations ............................................................... 102	  

7.1 Conclusions and Contributions ............................................................................. 102	  
7.2 Recommendations ................................................................................................. 103	  
7.3 Limitations and Future Research .......................................................................... 104	  

References ....................................................................................................................... 106	  
 
	  
	   	  



 vi 

List of Figures 
	  
	  
Figure 2.1 PMI's change control system (Source: PMI, 2013) ......................................... 14	  
Figure 2.2 Change management process model (Source: Ibbs et al., 2001) ..................... 15	  
Figure 4.1 Relationship between project change and cost overrun (scenario 1) .............. 31	  
Figure 4.2 Relationship between project change and cost overrun (scenario 2) .............. 31	  
Figure 4.3 Histograms of change metrics ......................................................................... 36	  
Figure 4.4 Total project change distribution considering positive and negative change .. 37	  
Figure 4.5 Design change and construction change .......................................................... 37	  
Figure 4.6 Distribution of total project cost inefficiency % and schedule delay % .......... 38	  
Figure 4.7 Total project change and total project cost inefficiency .................................. 39	  
Figure 4.8 Construction change and construction cost inefficiency ................................. 39	  
Figure 4.9 Design change and schedule delay .................................................................. 40	  
Figure 4.10 Total project change and schedule delay ....................................................... 40	  
Figure 4.11 Project cost inefficiency and schedule delay ................................................. 41	  
Figure 5.1 Design change of project delivery methods .................................................... 47	  
Figure 5.2 ECDF of design change of project delivery methods ...................................... 48	  
Figure 5.3 Construction change of project delivery methods ........................................... 49	  
Figure 5.4 ECDF of construction change of project delivery methods ............................ 49	  
Figure 5.5 Total project change of project delivery methods ........................................... 50	  
Figure 5.6 ECDF of total project change of project delivery methods ............................. 51	  
Figure 5.7 Design change of contract types ...................................................................... 54	  
Figure 5.8 ECDF of design change of contact types ........................................................ 54	  
Figure 5.9 Total project change of contract type .............................................................. 55	  
Figure 5.10 ECDF of total project change of contract type .............................................. 55	  
Figure 5.11 Design change of industry groups ................................................................. 58	  
Figure 5.12 ECDF of design of industry groups ............................................................... 58	  
Figure 5.13 Construction change of industry groups ........................................................ 59	  
Figure 5.14 ECDF of construction change of industry group ........................................... 60	  
Figure 5.15 Total project change of industry groups ........................................................ 61	  
Figure 5.16 ECDF of total project change of industry groups .......................................... 61	  



 vii 

Figure 5.17 Brownfield vs. Greenfield design change ..................................................... 64	  
Figure 5.18 ECDF of design change (Brownfield vs. Greenfield) ................................... 64	  
Figure 5.19 Brownfield vs. Greenfield construction change ............................................ 65	  
Figure 5.20 ECDF of construction change (Brownfield vs. Greenfield) .......................... 66	  
Figure 5.21 Brownfield vs. Greenfield total project change ............................................. 67	  
Figure 5.22 ECDF of total project change (Brownfield vs. Greenfield) .......................... 67	  
Figure 5.23 Project design completion % distribution ...................................................... 70	  
Figure 5.24 Design completion % for project delivery methods ...................................... 71	  
Figure 5.25 ECDF of design completion % of project delivery methods ......................... 71	  
Figure 5.26 Design change of fast-track levels ................................................................. 73	  
Figure 5.27 ECDF of design change of fast-track levels .................................................. 74	  
Figure 5.28 Construction change of fast-track levels ....................................................... 75	  
Figure 5.29 ECDF of construction change of fast-track levels ......................................... 75	  
Figure 5.30 Total project change of fast-track levels ....................................................... 76	  
Figure 5.31 ECDF of total project change of fast-track levels ......................................... 76	  
Figure 6.1 Data availability after outliers removed (Number of observations: 1071) ...... 86	  
Figure 6.2 Data availability after missing dependent variable values removed (Number of 

observations: 461) ..................................................................................................... 87	  
Figure 6.3 Batch missing value removal cutoff point selection ........................................ 88	  
Figure 6.4 Data availability after projects with more than 4 missing values removed 

(Number of observations: 114) ................................................................................. 88	  
Figure 6.5 Cross-validation correlation coefficients and model R-squares of 500 

simulations ................................................................................................................ 89	  
Figure 6.6 Assumption test results .................................................................................... 90	  
Figure 6.7 Complexity parameter vs. decision tree size (total project change % model) . 96	  
Figure 6.8 Decision tree model for total project change % .............................................. 96	  
Figure 6.9 Complexity parameter vs. decision tree size (design change % model) ......... 97	  
Figure 6.10 Decision tree model for design change % ..................................................... 97	  
Figure 6.11 Complexity parameter vs. decision tree size (construction change % model)

 ................................................................................................................................... 98	  
Figure 6.12 Decision tree model for construction change % ............................................ 98	  
 
	   	  



 viii 

List of Tables 
	  
	  
Table 2.1 Literature review summary ............................................................................... 18	  
Table 4.1 Project profile for 1071 construction projects .................................................. 34	  
Table 4.2 Correlation between change and project performance metrics ......................... 35	  
Table 4.3 Summary statistics of change metrics ............................................................... 36	  
Table 5.1 Definitions of project attributes ........................................................................ 43	  
Table 5.2 Project profile for 483 projects with delivery method response ....................... 46	  
Table 5.3 Design change summary statistics and ANOVA result of project delivery 

methods ..................................................................................................................... 48	  
Table 5.4 Construction change summary statistics and ANOVA result of project delivery 

methods ..................................................................................................................... 50	  
Table 5.5 Total project change summary statistics and ANOVA result of project delivery 

methods ..................................................................................................................... 51	  
Table 5.6 Project profile for 79 projects with contract type response .............................. 53	  
Table 5.7 Design change summary statistics and ANOVA result of contract type .......... 54	  
Table 5.8 Total project change summary statistics and ANOVA result of contract type . 56	  
Table 5.9 Project profile for 1071 projects with industry group response ........................ 57	  
Table 5.10 Design change summary statistics and ANOVA result of industry group ..... 59	  
Table 5.11 Construction change summary statistics and ANOVA result of industry group

 ................................................................................................................................... 60	  
Table 5.12 Total project change summary statistics and ANOVA result of industry 

groups ........................................................................................................................ 62	  
Table 5.13 Project profile for 1071 projects with project nature response ....................... 63	  
Table 5.14 Design change summary statistics and ANOVA result of project nature ....... 65	  
Table 5.15 Construction change summary statistics and ANOVA result of project nature

 ................................................................................................................................... 66	  
Table 5.16 Total project change summary statistics and ANOVA result of project nature

 ................................................................................................................................... 68	  
Table 5.17 Definitions of fast-track levels ........................................................................ 70	  
Table 5.18 Project profile for 394 projects with fast-track level response ....................... 72	  
Table 5.19 Design change summary statistics and ANOVA result of fast-track levels ... 74	  
Table 5.20 Construction summary statistics and ANOVA result of fast-track levels ...... 74	  



 ix 

Table 5.21 Total project change summary statistics and ANOVA result of fast-track 
levels ......................................................................................................................... 77	  

Table 5.22 Summary of ANOVA test results ................................................................... 78	  
Table 5.23 Correlation between change and project size and contingency ...................... 79	  
Table 5.24 Summary of ANOVA test results ................................................................... 81	  
Table 6.1 Thresholds for outlier screening ....................................................................... 85	  
Table 6.2 Linear models development summary .............................................................. 90	  
Table 6.3 Validation results for linear models .................................................................. 92	  
Table 6.4 Sample data to illustrate decision tree model development .............................. 94	  
Table 6.5 Decision tree models development summary ................................................... 99	  
Table 6.6 Validation results for decision tree models ..................................................... 100	  
	  
	   	  



 x 

Acknowledgements 
	  
	  
I would like to thank many people for helping me during my graduate study and doctoral 
research at Berkeley. I would particularly like to thank my academic advisor, Professor 
William Ibbs, for his invaluable guidance. He has advised me to do research in a practical 
and professional way. I am truly appreciative for the constructive comments of the other 
dissertation committee members, Professor Arpad Horvath and Professor Haiyan Huang. 
I would also like to thank Professor Glenn Ballard for his exceptional critiques and 
suggestions before and during my qualifying exam. I extend my thanks to Professor Min 
Liu of North Carolina State University for her generous guidance on my research. 
 
I would like to express appreciation to my fellow EPM students for their valuable 
comments and suggestions on my study and research. Among them, I especially thank 
Xiaodan Sun, Doanh Do, Nigel Blampied, Andy Wang, Ying-Yi Chih and Kofi Inkabi. I 
am very fortunate to have worked with two of the best graduate advisors Ms. Shelley 
Okimoto of CEE department and Ms. La Shana Porlaris of Department of Statistics. I 
especially thank Shelley for her kindness, patience, and broad knowledge. She has been 
of great help to me for my time at Berkeley. 
 
Finally, I would like to thank my family for the time and effort they spent on me. I am 
especially grateful to my parents for their eternal sacrifice. I sincerely wish them happy 
and healthy. 
 
	   	  



 xi 

Abbreviations 
	  
	  
AIC                        : Akaike information criterion 

ANOVA                : Analysis of variance 

CII                         : Construction Industry Institute 

CM at-risk             : Construction management at risk 

CP                          : Complexity parameter 

CPSF                     : Critical Project Success Factors 

CSF                       : Critical success factors 

DBIA                    : Design-Build Institute of America 

D-B                       : Design-Build 

D-B-B                   : Design-Bid-Build 

ECDF                    : Empirical cumulative distribution function 

EDA                      : Explanatory data analysis 

EM algorithm        : Expectation–maximization algorithm 

EPA                       : Environmental Protection Agency 

IQR                        : Interquartile range 

MI                          : Multiple imputation 

PDRI                      : Project Definition Rating Index 

PMBOK                 : Project Management Body of Knowledge 

PMI                        : Project Management Institute 

PP plot                   : Probability–probability plot  

	   	  



 xii 

Glossary 
	  
	  
Change: any additions, deletions, or other revisions within the general scope of a contract 
that cause an adjustment to the contract price or contract time 
 
Disruption: an action or event which hinders a party from proceeding with the work or 
some portion of the work as planned or as scheduled 
 
Budget: an amount of money available for spending that is based on a project plan for 
how it will be spent 
 
Cost overrun: the difference between project initial baseline budget and total project 
actual cost measured in dollar values 
 
Loss: the difference between updated project budget and total project actual cost 
 
Design-Build: a project delivery method in which the design and construction services 
are contracted by a single entity 
 
Design-Bid-Build: a project delivery method in which the project owner contracts with 
separate entities for the design and construction services 
 
CM at-risk: a project delivery method in which the design and construction are separate 
contracts and the lowest total construction cost is not the only criterion for final selection 
 
Greenfield: a construction site where no existing structure or infrastructure needs to be 
demolished 
 
Brownfield: a construction site that is previously used for industrial or commercial 
purposes 
 
Fast-tracking: a method to speed up a project by starting construction before the design is 
100% completed (concurrent design and construction) 
 
Change %: Percentage of cost change in project budget 
 
Total project change %: Percentage of absolute value of cost change in project budget 
 
Design change %: Percentage of absolute value of design cost change in design budget 
 
Construction change %: Percentage of absolute value of construction cost change in 
construction budget 
 



 1 

Chapter 1 Introduction 
 
 
1.1 Background 
Project change widely exists in the construction industry, and consistently poses 
challenges for project practitioners (Ibbs et al., 2001). It is one of the primary reasons for 
schedule delay and cost overrun, which create negative impact on project performance 
and profitability (Hanna et al., 2002). It is also a major reason for disagreements between 
owners and contractors, which often lead to disputes or claims (Finke, 1999; Jones, 
2001). Even though there are situations where project change can be beneficial, hidden or 
mismanaged change often causes damage to the project stakeholders. 
 
As a result, it is essential to conduct analysis on project change and develop reliable 
change management models. But studying change is challenging. Project change is 
highly unpredictable due to the fact that different construction projects vary in nature. In 
addition, real-life project data are hard to collect. Thus there are only limited data 
available for analyzing change (Hsieh et al., 2004). Change’s impact on project 
performance is hard to quantify, partly due to its cumulative effect when multiple 
changes occur concurrently (Lee et al., 2004). 
 
This means that there is a need for better change management models that can be used by 
project practitioners to perform change prediction and management, and quantify 
change’s impact. 
 
1.2 Need for Research 
Change’s impact on construction projects has been recognized in many studies. 
Answering such a challenge, both industry and academia have developed many change 
management techniques for various purposes. But a comprehensive proactive change 
management model is still missing in the existing body of knowledge (Hsieh et al., 2004; 
Anastasopoulos et al., 2010). 
 
There are two main problems in change management. They are (i) predict the potential 
project change amount and (ii) quantify and apportion the consequences caused by 
occurred project change to the responsible party. Many studies have touched on the 
second problem, separating change’s impact from other project factors that can also cause 
a project to deviate from its original plan, such as bid errors and contractor’s 
mismanagement. However, more research needs to be done on the first problem. 
 
For example, some researchers have identified change’s impact on labor productivity 
(Thomas and Napolitan, 1995; Ibbs, 1997 and 2005; Moselhi et al., 2005). Some 
researchers have studied different project characteristics, such as project delivery method, 
project contract type, and project size, and their impact on project performance and 
change (Konchar and Sanvido 1998; Ibbs et al., 1998 and 2003). But little research has 
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addressed the questions why some projects have more changes than others and why some 
projects are more vulnerable to change’s effect. 
 
Proactive change identification and prediction is an important component in project 
change management, and is often ignored in current practice (Ibbs, 1994). It is a key 
factor in many project decision-making processes, including setting up the overall project 
plan, choosing a procurement method, and front-end planning. A model that supports 
change prediction and analysis will help support these management processes. This study 
aims at developing such a model. 
 
Change identification in early project stages can improve the decision-making process in 
front-end planning, detailed engineering, and even project procurement phases (Hsieh et 
al., 2004; Anastasopoulos et al., 2010). This dissertation attempts to explore this impact. 
 
Proactive change management is incorporated in some existing research as a step in the 
overall change management framework (Ibbs et al., 2001). But due to the limited data, 
most of the current analyses were conducted at a high level from a managerial 
perspective, limiting the applicability of such framework in real-world practice. A part of 
this dissertation addresses this issue by developing an improved proactive change 
management model with quantitative results. 
 
Project change is highly unpredictable. Therefore predicting the amount or frequency of 
change with accuracy is difficult. Little success has been achieved. Also, due to limited 
research data, many studies in this area have narrow scopes (Wu et al., 2005; 
Anastasopoulos et al., 2010; Taylor et al., 2012), resulting in limited applicability of their 
results. Furthermore, the robustness and reliability of the models need to be tested more 
rigorously using statistical method. As a result, the proactive change management model 
needs a reliable change predictive tool as a support. A part of this dissertation approaches 
this issue by developing such a tool for predicting change. 
 
1.3 Problem Statement and Research Objectives 
The purpose of this study is to improve the current industry project change management 
practice by developing a proactive change management model. This model can be used in 
early project stages and can be help project stakeholders make critical decisions and drive 
successful project delivery. 
 
The specific objectives are to develop and test a model that will: 
 

1) In early project stages, predict the amount of change that project will likely incur. 
2) Report the reliability of that model’s predicted amount of change. 
3) Allow model users to examine the amount of change for different values of the 

input variables, i.e. perform what-if analyses. 
 
To achieve these research objectives, this study investigates the impact of change on 
project performance, examines the effect of various project factors on project change, and 



 3 

develops several linear models and decision tree models to predict project change 
amount. 
 
The primary contribution of this study to the existing body of knowledge is the 
development of the proactive change management model that is based on analysis of a 
very large and detailed project database. This model will help industry professionals 
predict potential change on their projects and benchmark their change performance 
against a large set of projects. It improves stakeholder ability to manage project change 
and its consequent effects. With this tool, better change management will result and the 
cost effectiveness of the construction industry will be improved. 
 
In summary, this study develops a proactive change management model for construction 
projects. The model can be adjusted with new projects data. Both owners and contractors 
can benefit from this work through improved change identification, early change impact 
warning, smoother project execution, increased work efficiency, and enhanced project 
profitability and startup. 
 
1.4 Scope of Work 
Project change in general could mean the change of the surrounding environment, 
including political, economic, environmental, or civic change. This study only addresses 
the change related to project scope (including scope change and design development 
change) in the lifecycle of a construction project, i.e. from project planning to startup. 
 
Change and change orders are two different concepts. This study primarily considers total 
project approved change, initiated by any of the project parties and approved by owner or 
owner’s representative. This type of change is a major source of disagreements between 
owners and contractors and is of the most research interest. In the rest of this dissertation, 
the term project change will mean the change that will eventually be approved by owners 
and be written on change orders. 
 
Project change could be measured in many different ways, such as dollar value, labor-
hours, extended project period, etc. This study originally attempted to analyze project 
change from several different aspects. But due to the limited data, the change in this 
dissertation is only quantified by the dollar values, which admittedly has limitations. 
 
Project change management has many components including proactive change 
management, interactive change management, forensic change analysis, etc. As 
suggested in the research objectives, this study concentrates on proactive change 
management, which mainly deals with change identification and prediction. Other 
important issues of change management such as forensic analysis on loss of productivity 
are not in the scope of this study. 
 
The timing and magnitude of project change affect change analysis and management. 
Research has identified that in general early change will be easier to accommodate than 
late change, and a project with more changes will likely experience more problems (Ibbs, 
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1997 and 2005). In this dissertation, the timing of change is taken into account by 
dividing the total project change into design change and construction change. The 
magnitude of change is measured by the proportion of change in the project baseline 
value. 
 
The success of a project could be measured in many different ways, such as cost 
performance, schedule performance, quality of the work, shareholder satisfaction, owner 
contractor relationship, etc. A perfect project would satisfy all the project success 
measures. However in practice project managers usually prioritize their project success 
measures, so they varies from company to company and from project to project. But cost 
and schedule are two of the most important measures for project success. This study will 
focus on these two measures, cost inefficiency and schedule delay. 
 
This study analyzes the following project characteristics: project nature, project industry 
group, project delivery method, project overall contract type, project size (in terms of 
budget, estimated schedule and labor-hours), project fast-track level, project contingency 
allocation, project budget allocation, and project complexity. These variables will be 
defined in detail in the following chapters. 
 
The data analysis in this dissertation is based on a proprietary database including 
approximately 2000 construction projects reported by owners and contractors. These 
projects were built from mid 1990s to early 2010s. The owners are large US companies 
involved in construction industry. The owner of this industry database required 
anonymity and will not be disclosed in this study. This study uses these project data to 
conduct statistical analysis on project change and develop and validate the proactive 
change management model. 
 
1.5 Dissertation Structure 
This dissertation contains seven chapters. The first three chapters present the background, 
research objectives, literature reviewed, and methodology. The next three chapters 
demonstrate how the research objectives are achieved and present the significant 
findings. The last chapter summarizes major research findings, discusses the research 
limitations, and provides recommendations for construction industry and future research. 
The detail of the dissertation structure is as follows: 
 
Chapter 1 introduces the background, the need for research, the problems, the objectives, 
and the scope of this study. 
 
Chapter 2 reviews literature related to this study. It includes project change, critical 
project attributes and success factors, change’s impact on project performance, project 
change management systems, and project change predictive tools. 
 
Chapter 3 formulates the research framework, hypotheses, tools and techniques, which 
this study is based on, and describes in detail the data sources used for this study. 
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Chapter 4 analyzes project change, two of the most important project performance 
measures cost inefficiency and schedule delay, and change’s effect on project 
performance. 
 
Chapter 5 investigates the impact of project attributes on project change, studies the 
significant relationship and formulates the industry practice recommendations for various 
project types. 
 
Chapter 6 develops a project change predictive tool for quantitative change amount and 
qualitative change level, and validates this tool with new project data. 
 
Chapter 7 summarizes major research findings, discusses the research limitations, and 
provides recommendations for construction industry and future research. 
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Chapter 2 Literature Review 
 
 
2.1 Project Change: Definition, Types, Causes, Timing and Magnitude 
Project change is common in the construction projects and is often hard to handle 
properly (Cooper et al., 2004; Hanna and Swanson, 2007). Understanding project is the 
first step towards developing a robust change management model. There are many 
aspects of change and numerous studies have been conducted on defining, categorizing, 
and analyzing project change. 
 
2.1.1 Definition of Project Change 
 
Many researchers have put forward their definitions of project change. For example, Ibbs 
(1994) defined project change to be "additions, deletions, or other revisions within the 
general scope of a contract that cause an adjustment to the contract price or contract 
time". Revay (2003) defined project change to be any event that results in a modification 
of the original scope, execution time, cost of work, or quality of work. Lee (2007) 
defined project change to be "any action, incidence, or condition that makes differences 
to an original plan or what the original plan is reasonably based on". Similar definitions 
can be found in other studies (Ibbs and Allen, 1995; Hanna and Swanson, 2007). 
 
Project change should not be confused with project change order, which is defined as any 
formal contract modification with the purpose of incorporating a change into the contract 
(Schwartzkopf, 1995; Lee, 2007; Anastasopoulos et al., 2010). Change orders are the 
means to accommodate only the changes that are officially recognized by management 
through the contract modification. Therefore, it is worthwhile noting that change and 
change order are two different concepts, and approved project changes include project 
change orders. 
 
2.1.2 Types of Project Change 
 
Change can be categorized in many different ways. Ibbs (1994) claimed that changes 
include required change and optional change; beneficial change and detrimental change. 
Ibbs et al. (2007) proposed that there are generally five types of change, change in project 
scope, differing site conditions, delays, suspensions, and acceleration. Hanna and 
Swanson (2007) categorized change into constructive change and cardinal change. A 
constructive change on a project is work performed outside the scope of the contract yet 
the work is performed “under the contract”. A cardinal change quantifies as a breach of 
contract and is usually the result of a significant deviation or many smaller deviations 
from the original contract. Other definitions of change can be found in Orczyk (2002). 
 
2.1.3 Causes of Project Change 
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The causes for project change vary largely, making it difficult for project practitioners to 
manage change. According to Hanna and Swanson (2007), change can be caused by 
many factors such as design errors, design changes, additions to the scope, or unknown 
conditions in the field. 
 
Some researchers studied public highway projects in different countries and regions, and 
found that design errors is a common cause for change, but many other causes exist. 
 
For example, Hsieh et al. (2004) claimed that the fragmentation of design and 
construction processes increases the likelihood change orders in conventional project 
procurement methods. According to their study on metropolitan public works in Taiwan, 
they found that most change orders arise from problems in planning and design. The 
study also suggested that the construction type is correlated to the causes of change 
orders. Wu et al. (2005) studied the cause of design change using highway construction 
projects and found that those design changes are often caused by insufficiency of 
geologic survey. They suggested that site-survey to be enhanced in the feasibility analysis 
and planning design stages to prevent design changes for similar projects. 
Anastasopoulos et al. (2010) argued that change orders are generally due to the so-called 
“root causes” such as design errors, unexpected site conditions, and weather conditions. 
They are also associated with a number of “intermediate” factors such as the project size, 
project type, contract amount, contract period, and level of bidding competition. 
 
2.1.4 Timing and Magnitude of Project Change 
 
The timing and magnitude are important change aspects (Moselhi et al., 2005). 
 
Ibbs (1997 and 2005) found that the greater the amount of change, the more productivity 
and costs are degraded; and late project change more adversely affects labor productivity 
than early change. From 90 construction disputes in 57 independent projects, Leonard 
(1987) demonstrated a significant correlation between percentage of change order hours 
to contract hours and percentage of lost productivity. 
 
Diekmann and Nelson (1985) found that an overall additive change rate for 22 federally 
funded and administered projects during the 1979-1983 period was six percent due to 
design errors, owner initiated changes, differing site conditions, etc. Semple et al. (1994) 
studied 24 construction projects in Western Canada, and found that project costs 
increased by at least 30 percent for more than half of projects and increased by at least 60 
percent for more than a third of projects. Furthermore, several projects suffered delays 
over 100 percent. Specifically, 11 lump sum contracts had 44% cost increase and 74% 
schedule increase, and 8 unit price contracts had 88% cost increase and 48% schedule 
increase. Hsieh et al. (2004) found that a 10–17% ratio of change order cost to total 
project cost is typical in metropolitan public works in Taipei, Taiwan. 
 
2.2 Impact of Project Change: Direct Impact vs. Cumulative Impact 
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The impact of project change consists of two parts, direct impact and cumulative impact. 
The direct impact of change can often be foreseen and quantified. However the 
cumulative impact of change is hard to manage. Understanding change impact on 
construction projects is helpful for developing better change management system that 
minimizes the negative effect of project change. 
 
Changes are virtually inevitable during the course of the work due to the uniqueness of 
each project and the limited resources of time and money available for planning (Moselhi 
et al., 1991). And owners usually retain the nearly unilateral right to change work at any 
stage of completion while contractors are obligated to comply (Cooper et al., 2004). 
Many studies have demonstrated that change can be detrimental and often leads to project 
disruption (Thomas and Raynar, 1997; Jones, 2001). Change caused disruption is a major 
source of damage on construction projects (Hanna et al., 2002). 
 
Thomas and Raynar (1997) defined disruption as the occurrence of events that are 
acknowledged to negatively impact labor productivity. AACE (2004) made the following 
definition: disruptions is “an action or event which hinders a party from proceeding with 
the work or some portion of the work as planned or as scheduled.” 
 
Project change is usually the reason for disruptions. The most significant types of 
disruptions are the lack of materials and information and having to perform the work out-
of-sequence. And among them, lack of materials is believed to be the most serious 
disruption incurred by changes. The disruption frequency worsened as more days per 
week were worked and losses of efficiency are caused by the inability to provide 
materials, tools, equipment, and information at an accelerated rate. (Thomas and 
Napolitan 1995; Thomas and Raynar 1997) 
 
2.2.1 Direct Impact vs. Cumulative Impact 
 
Jones (2001) pointed out that change not only directly adds to, subtracts from, or changes 
the type of work being performed in a particular area but also affects other areas of the 
work for which the change has not accounted. The Armed Services Board of Contract 
Appeals (ASBCA) once stated that the costs of performing changed work consist of both 
(i) those costs directly related to the accomplishment of the changed work (such as extra 
labor cost, extra material cost, extra equipment cost, and extended schedule) and (ii) 
those costs arising from the interaction between the changed work and unchanged work. 
 
Change-caused disruptions can be both foreseeable and unforeseeable (Finke, 1998). The 
foreseeable or local disruptions can occur at the same time and either the same place or 
within the same resource as the changed work while unforeseeable or cumulative 
disruptions can also occur at a time or place, or within resources, different from changed 
work. Disruption caused by a change order may impact subsequent events if the change 
order itself does involve those tasks. (Hanna et al., 2004). 
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Cooper et al. (2004) provided a scenario of change’s cumulative impact: “The direct 
consequence of change is to reduce the rate of work accomplishment, and perceived 
progress. With lower progress and a schedule to meet, management increases their 
requested staffing. More overtime may be used. Sustained high levels of overtime reduce 
the productivity of staff. Skill levels might be diluted and supervision is stretched thin. 
Again, productivity is eroded and rework increases. The errors created by the fatigued 
and less experienced staff will have propagated. The pressures of overrunning the budget 
and schedule, and finding more and more rework, lead to morale problems, furthering 
the decline in performance”. 
 
Pricing of direct impact and cumulative impact of change is different (Jones, 2001; 
Cooper et al., 2004). The direct impact costs are prepared on a forward pricing basis. The 
cumulative impact costs, on the other hand, are more often priced on a backward-pricing 
basis since a contractor cannot foresee or readily quantify the impact, if can foresee. 
Taken individually, cumulative impacts of change may be manageable; taken collectively 
they can cause projects to spiral out of control. Even if the direct impacts of changes can 
be agreed, "disruption" is frequently the biggest, most amorphous and most contentious 
element of change pricing. 
 
2.2.2 Change Impact on Labor Productivity 
 
Labor productivity is generally defined as the ratio of work output to work input (Klanac 
and Nelson, 2004). Change’s impact on labor productivity is a typical type of cumulative 
impact. Increasing amounts of project changes will have significant and progressively 
worsening impact on labor productivity. Numerous studies have been conducted on 
analyzing such impact. 
 
Ibbs and Allen (1995) were among the first to quantitatively investigate the effect of 
change orders on labor efficiency in construction projects. Three hypotheses regarding 
change and labor productivity were proved: 
 
1) Changes which occur late in a project are implemented less efficiently than changes 

that occur early. 
2) The more change there is on a project, the more of a negative impact it has on labor 

productivity. 
3) The hidden or unforeseeable cost of change increases with more project change. 
 
Hanna et al. (2004) analyzed the cumulative impact of project change orders on labor 
productivity for mechanical and electrical construction. They used Delta (defined as total 
actual direct labor-hours - estimated hours - change order hours) to represent the change’s 
cumulative impact. Six factors were identified to be significant, including percent change, 
change order processing time, overmanning, percentage of time the project manager 
spent on the project, percentage of the changes initiated by the owner, and whether the 
contractor tracks productivity or not. 
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Moselhi et al. (2005) in their research summarized six factors including Intensity, Timing 
in relation to project duration, Work type, Type of impact, Project phase, and On-site 
management that significantly influence the impact of change orders on labor 
productivity. Other studies on this topic include Leonard (1987), Ibbs (1997 and 2005), 
Ibbs and McEniry (2008), and Thomas and Napolitan (1995). 
 
Some retrospective loss of productivity methods were developed by various researchers. 
Some examples are measured mile method (Zink, 1986), baseline method (Thomas and 
Zavrski, 1999), work comparison, earned value method, cost based analysis, sampling 
methods and general industry guidelines. Some detailed explanation of these methods 
could be found in Sanders and Nagata (2003) and Ibbs and Liu (2005). 
 
2.3 Project Attributes and Project Performance Metrics 
Project change management is an important and sensitive component of project 
management (Voropajev, 1998; Zou and Lee, 2008). Project change performance plays 
an important role in project success formula (Williams, 2000; Eden et al., 2005). Many 
researchers believed that project performance is determined by project success factors. 
This section reviews some of the key project attributes and existing methods for detecting 
critical success factors and predicting project performance metrics including cost, 
schedule, etc. 
 
2.3.1 Project Attributes 
 
Konchar and Sanvido (1998) compared CM at-risk, D-B, and D-B-B based on their cost, 
schedule, and quality performance using 351 building projects in the United States. Chan 
et al. (2001) identified several key project success factors to D-B projects to be project 
team commitment, client’s competencies, and contractor’s competencies. They agreed 
that the overall success of a D-B project could be measured by cost, schedule, and quality 
performance. Ling et al. (2004) developed predictive models for performance of D-B and 
D-B-B projects. The models to predict construction and delivery speeds, turnover, and 
system quality turned out to be significant. A statistical analysis conducted by Minchin et 
al. (2013) using Florida Department of Transportation (FDOT) database found that D-B-
B projects performed significantly better in terms of cost performance. For schedule 
performance, a statistically insignificant advantage was shown in favor of D-B.  
 
Most studies focused on comparing D-B and D-B-B and no definitive conclusions have 
been agreed upon in academia regarding project delivery method and project 
performance. Several studies found that D-B outperformed D-B-B in both cost and 
schedule performance (Songer and Molenaar 1997; Molenaar and Songer 1998; Konchar 
and Sanvido 1998), while others only confirmed timesaving as an advantage of D-B (Ibbs 
et al. 2003) or found the opposite (Minchin et al. 2013). 
 
Using Construction Industry Institute’s database, a study by Ibbs et al. (2003) found that 
albeit advocated by numerous studies, the effectiveness of D-B in cost and change was 
not convincing. These findings were confirmed by Shrestha et al. (2011) when they 
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compared project delivery method (D-B and D-B-B) with performance metrics (cost, 
schedule, and change orders) of large highway projects, and found that D-B projects 
outperformed D-B-B projects only in construction and project delivery speed. No 
statistically significant difference was found in cost, change or schedule overrun 
performance. 
 
Fixed-price is a contract type that the amount of payment does not depend on the amount 
of resources or time expended. A cost-plus is a contract type that a contractor is paid for 
all of its allowed expenses to a set limit plus additional payment to allow for a profit 
(CSIS, 2014). Weigelt (2009) identified that fixed-price projects tend to work well when 
the cost of the work is well documented either by the industry standard or by the 
contractor's past portfolio. But many believe such contracts are the most expensive, 
especially when the risks or costs are unknown. 
 
Brownfield project has gain special practical and research interest recently. The term 
“Brownfield” first came up in the early 1990s in the United States, referring to the type of 
land that is previously used for industrial or commercial purpose. Brownfield land is 
often contaminated or polluted and needs to be cleaned up before reuse (EPA, 2013). 
Therefore, the brownfield project usually involves demolishing old facilities, cleaning up 
the site and building new facilities, such as residential neighborhoods, sports facilities, 
industry buildings, etc. Now the brownfield project also applies to project upgrading with 
previously used land or industrial commercial facilities. So the brownfield projects also 
include modernization, expansion, add-on projects and other projects with similar 
purpose. Brownfield projects are often constrained by many factors, such as existing 
structures, ongoing operations, and environmental concerns. But some research has 
shown that they also have a high investment-output ratio. A report by Environmental 
Protection Agency (EPA) shows that every public dollar spent on brownfields leverages 
2.5 USD in private investment. And the ratio is 4.5 when it comes to reusing brownfield 
land and saving pristine land. 
 
Fast-tracking (sometimes also referred to as concurrent design and construction) has been 
adopted by the construction industry to reduce the project duration as an alternative for 
the conventional sequential approach for the past several decades (Hendrickson and Au, 
1989; Huovila et al., 1997). The literature on this topic dates back to the 1980s. Project 
Management Institute (1987) defined fast-track as the follows: 
The starting or implementation of a project by overlapping activities, commonly entailing 
the overlapping of design and construction activities. 
 
Although heavily applied, fast-tracking is still a practically oriented approach, without 
solid conceptual or theoretical basis (Huovila et al., 1997). The actual benefits of fast-
tracking remain uncertain, and both successful and unsuccessful cases have been reported 
and analyzed (Fazio et al., 1988; Laufer and Cohenca, 1990; Tighe, 1991; Williams, 
1995). 
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Effective fast-tracking in a construction project can help reduce the duration and lower 
the cost of the project (Tighe, 1991; Williams, 1995). Ibbs et al. (1998) also found that 
fast-tracking generally do not result in more project change than non-fast-track projects. 
 
However, through overlapping activities, uncertainty in fast-track projects is increased in 
comparison to conventional sequential method (Huovila et al., 1997). As a result, fast-
track projects (low percentages of design completion prior to the start of construction) 
will likely to suffer lack of efficiency from less than optimum design (Tighe, 1991; 
Williams, 1995), considerable construction delays (Laufer and Cohenca, 1990), 
unexpected cost overrun (Fazio et al., 1988; Huovila et al., 1997) and decrease in value of 
the end product (Huovila et al., 1997). In response to the uncertainty associated with fast-
tracking, dynamic planning model and control methodology were developed by some 
researchers (Pena-Mora and Li, 2001) to reduce such uncertainty and absorb unforeseen 
changes. 
 
2.3.2 Critical Success Factors for Construction Projects 
 
Construction projects are often complicated, and one individual factor is capable of 
impacting a project in a significant way. Some of those factors include weather, resource 
availability, labor productivity, etc. For example, Hegazy (1999) claimed that resource 
allocation is one of the biggest challenges in project management. Borcherding and 
Oglesby (1974) detected some relationships between labor productivity and job 
satisfaction. Thomas (2000) stated that loss of labor productivity usually comes along 
with schedule delay. Moselhi et al. (1997) and Coulson and Richard (1996) claimed that 
weather condition will impact construction projects. 
 
Sanvido et al. (1992) summarized a set of impact factors to project success, and 
concluded four factors, namely facility team; contracts, changes, and obligations; facility 
experience; and optimization information to be critical to project success, which they 
called Critical Project Success Factors (CPSF). 
 
While many studies treat project success as one criterion, it is more meaningful to look 
into different project performance metrics. As a result, Chua et al. (1999) identified 
critical success factors (CSFs) for three project objectives: budget (cost), schedule, and 
quality through analytic hierarchy process. Their analysis confirmed that different project 
objectives could have different sets of CSFs and project characteristics and contractual 
arrangements are as important as project management, monitoring and control efforts in 
achieving overall project success. 
 
Chan et al. (2004) developed a new conceptual framework for identifying variables that 
affect project success through a comprehensive literature review. A list containing 44 
factors were identified that can be categorized into different groups such as project 
related factors and human related factors. It sets a good starting point for further research 
on these factors and their relationships with project performance metrics. 
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Project delivery method is an important factor on a project. Many studies have been 
conducted on analyzing the performance of construction projects with specific delivery 
methods. Konchar and Sanvido (1998) compared construction management at risk (CM 
at-risk), D-B, and D-B-B projects based on their cost, schedule, and quality performance. 
The data were collected from 351 building projects in the United States. The research 
tested the univariate comparison significance, and multiple linear regression models were 
also developed to predict the average project performance. 
 
Chan et al. (2001) identified the project success factors and their relative importance for 
D-B projects using factor analysis and multiple regression. They found that the overall 
success of a D-B project could be well represented by good cost, schedule, and quality 
performance. Some of the key project success factors identified in their research were 
project team commitment, client’s competencies, contractor’s competencies, teamwork, 
and partnering. 
 
Ibbs et al. (2003) compared the performance of D/B and D/B/B in construction projects 
using 67 CII projects. They found that, in contrast to some other studies, D/B does not 
always provide the benefits to project performance. The study found timesaving was a 
definitive advantage for D/B project delivery method, but the same conclusion could not 
be drawn for cost or productivity performance. Hence, the project management expertise 
and experience of the contractor were suggested to have a greater impact on project 
performance outcomes than project delivery method. 
 
Ling et al. (2004) worked on predicting D-B and D-B-B project performance. Eleven 
performance metrics were taken into account, which can be categorized mainly into cost, 
time (schedule), and quality. Data from 87 building projects in Singapore were collected 
by survey. A series of predictive models for both delivery methods were developed using 
multiple linear regression, and six of them turned out to be robust. They are models to 
predict construction and delivery speeds of D-B and D-B-B projects, and models to 
predict turnover and system quality of D-B projects. Gross floor area of the project was 
found to be the most significant factor affecting speed. Contractor’s design ability, 
adequacy of plant and equipment, DB contractor’s track record, and D-B contractor’s 
ability in financial, health and safety management were also found to be important. 
 
2.3.3 Project Change Performance 
 
Some researchers have studied change performance as a component of project 
performance. For example, Zou and Lee (2008) investigated the effectiveness of both 
overall change management practice and its individual elements in terms of improving 
project change cost performance using multiple one-way ANOVA and linear regression. 
The implementation of change management practice was confirmed to be helpful for 
project change cost performance though the levels of leverage for individual change 
management practices elements vary in that process. 
 



 14 

Ibbs et al. (1998) studied the impact of fast-tracking on project change performance. 
They found that the amount of fast-tracking does not generally affect the amount of 
project change. However, aggressively scheduled projects do have significantly higher 
amounts of design change than non-aggressively scheduled projects. Also, fast-track 
projects incur a greater proportion of change near completion than non-fast-track 
projects. 
 
2.4 Existing Project Change Management Systems 
Project management is the application of knowledge, skills, tools, and techniques to 
project activities to meet the project requirements. Change management is an important 
and sensitive component of project management. A change management system attempts 
to manage and control change from project authorization to startup. This study attempts 
to develop a proactive change management model. So it is necessary to review the 
existing project change management system and identify the knowledge gap. 
 
Project Management Institute (2013) presented a high-level integrated change control 
system (illustrated in Figure 2.1) in its fifth edition PMBOK. Change management was 
defined to be the process of reviewing all change requests; approving or rejecting 
changes; managing changes to deliverables, organizational process assets, project 
documents, and the project management plan; and communicating their disposition. This 
system allows for documented changes within the project to be considered in an 
integrated fashion while reducing project risk, which often arises from changes made 
without consideration to the overall project objectives or plans. 
 

 
Figure 2.1 PMI's change control system (Source: PMI, 2013) 

 
Some other key features of the PMI change management system include: 

• Change management should be conducted from project inception through 
completion and is the ultimate responsibility of the project manager. 

• Any change requests need to be officially recorded even though they could be 
initiated verbally. 

• Every documented change request needs to be either approved or rejected by a 
responsible individual, usually the project sponsor, project manager, or a change 
control board (CCB), which is a formally chartered group responsible for 



 15 

reviewing, evaluating, approving, delaying, or rejecting changes to the project, 
and for recording and communicating such decisions. 

• Only approved change requests can require new or revised cost estimates, activity 
sequences, schedule dates, resource requirements, and analysis of risk response 
alternatives. 

 
In a study by Voropajev (1998), change management was defined as an integral process 
related to all project internal and external factors, influencing project changes; to possible 
change forecast; to identification of already occurred changes; to planning preventive 
impacts; to coordination of changes across the entire project. The study also emphasized 
the necessity in methods and techniques of environment change forecasting in order to 
elaborate the strategy and tactics of preventive responding due to the unpredictability of 
many changes. 
 
A CII research project (Ibbs, 1994) pointed out that in general, construction industry did 
not place sufficient emphasis on managing project change. Significant savings in total 
installed costs of construction projects are achievable by improving project change 
management. The study identified five principles of effective change management, 
including promote a balanced change culture, recognize change (when it occurs), 
evaluate change, implement change, and continuously improve from lessons learned. 
Based on these principles, a prototype change management system was developed in the 
form of flowcharts with recommended change management practices provided for each 
phase. 
 

 
Figure 2.2 Change management process model (Source: Ibbs et al., 2001) 

 
The change management system was revisited by Ibbs et al. (2001). Figure 2.2 illustrates 
the framework of this change management system. They pointed out that the central idea 
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of any change management system is to anticipate, recognize, evaluate, resolve, 
document, and learn from conflicts in ways that support the overall viability of the 
project. By applying the project change management system, project participants can 
minimize deleterious change and promote beneficial change. 
 
The second component in the system is “Recognize Change”. They emphasized the 
importance of change prediction as follows (Ibbs et al. 2001): In this principle, team 
members are encouraged to open discussion and to identify potential changes. Identifying 
changes prior to their actual occurrence can help the team to manage change better and 
earlier in the project life cycle. The importance of change identification was confirmed 
by Wu et al. (2005) as the first step of change management, and it includes the 
recognition of potential change event conditions in the project and the clarification of 
change responsibilities. 
 
Park and Pena-Mora (2003) introduced a change planning and control tool for 
construction projects based on system dynamics model, focusing on effective change 
management. The tool incorporates different characteristics and behavior patterns of 
construction change, the structure and equations of the dynamic project model, and the 
feedback processes triggered by construction change and rework. It is suggested that the 
model-based approach is effective in developing project change management system. 
 
Motawa et al. (2007) pointed out that the development of change management systems 
should consider many elements of the project processes and address all internal and 
external factors that influence project changes. They presented an integrated change 
management system, including a fuzzy logic-based change prediction model and a system 
dynamics model of the Dynamic Planning and control Methodology (DPM). The fuzzy 
logic-based change prediction model is used to predict the likelihood of change 
occurrence by studying the available information in early project stages. While the 
system dynamics model is developed to evaluate the negative impacts of changes on 
construction performance. It is suggested that the developed system established the 
potential for proactive change management. 
 
2.5 Existing Project Change Prediction Analyses 
In a project change management system, proactive change management is an essential 
but often missing component. It is based on the accurate prediction of project change, 
which relies on a comprehensive analysis of the existing project data from various 
aspects. But the causes for change orders are greatly varied, thus making the task of 
change prediction difficult (Hsieh et al., 2004). This section reviews the project factors 
that affect change and summarizes some of the existing statistical analyses on project 
change prediction. 
 
Zeitoun and Oberlender (1993) conducted a macro level study on the impact of project 
change related to cost and schedule performance. They claimed that change often 
provides an early warning sign of potential project cost and schedule growth. They 
identified such factors prior to the construction state in their research. For fixed price 
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projects, the factors are money left on the table, number of bidders, execution format, 
manner of bid solicitation, and owner type. While for cost reimbursable projects, the 
factors are execution format, work distribution, and primary project driving factors. 
 
Bajari and Tadelis (2001) compared cost-plus and fixed-price contracts and other 
incentive contracts and identified the effects of these contract types on change-order 
frequency. 
 
Hsieh et al. (2004) analyzed the causes for change orders in 90 metropolitan public work 
projects in Taiwan. Statistical correlation and variance analysis are used to find the 
connection among layers of events or causes. A 10–17% ratio of change order cost to 
total project cost is typical in metropolitan public works in Taiwan. They found that most 
change orders arise from problems in planning and design, and the construction type is 
correlated to the causes of change orders. 
 
Wu et al. (2005) conducted multiple-case studies using statistics analysis to identify the 
causes for design change and analyze its influence in highway project in Taiwan. They 
found that in order to prevent changes of design because of insufficiency of geologic 
survey, site-survey shall be enhanced in the feasibility analysis and planning design 
stages, which emphasizes the importance of planning and design on the life cycle of 
construction engineering. It is also found that differences in engineering properties create 
differences in emphasis in investigating and managing geological concerns. 
 
Changes requested by the owner are normally hard to prevent. But the growth of 
experience of the planning and design personnel on tunnel projects can reduce the design 
change to a certain degree. However, design changes caused by force majeure such as 
climate, hazard or civilian complaints are generally hard to control. 
 
Anastasopoulos et al. (2010) treated the occurrence of change orders as a count variable 
and analyzed the frequency of change orders using a variety of count-modeling methods 
including the negative binomial, Poisson, zero-inflated negative binomial, and zero-
inflated Poisson, in order to improve the understanding of the factors that are associated 
with change-order frequency, to assess the influence of project type, contract type, 
project duration, and project cost on the frequency of change orders, and to forecast the 
expected frequency of change orders for future projects. 
 
In their study, project size (contract award amount and contract duration) was found to be 
significant factors associated with change-order frequency, which is change orders tend 
to increase with project size. Contract duration is associated with the number of change 
orders in a linear relationship, while contract award amount is associated with the number 
of change orders in a manner that is nonlinear: for small contract amounts, incremental 
increases in contract amount yields sharp increases in change order frequency; but for a 
large contract, incremental increases in contract amount yields small changes in change-
order frequency. 
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Resurfacing and traffic maintenance projects were found to be associated with fewer 
change orders due to the fact that they do not involve uncertain conditions such as 
earthwork and subsoil treatments and are associated with greater certainty of quantities 
and work items. On the other hand, projects with fixed deadlines are likely to have higher 
frequency of change orders. 
 
Taylor et al. (2012) examined how the causes of change orders varied between 
construction versus maintenance projects, different road types, and construction type 
using statistical analyses of 610 Kentucky roadway construction projects from 2005–
2008. They measured change by its frequency and average percentage in project costs, 
and identified the leading causes of change orders on highway construction and 
maintenance projects to be contract omissions, owner-induced enhancements, contract 
item overrun, and fuel and asphalt adjustment. 
 
They claimed that many high risk change orders on roadway construction projects can be 
avoided through improved front end planning and project scoping, whereas avoidance of 
other change orders, such as fuel and asphalt price adjustments, are more challenging 
because they can be caused by rapidly changing market conditions.  
 
Ibbs (2012) conducted a series of statistical analyses to quantify change patterns. Projects 
that have change were found to be much more likely to have worse cost and schedule 
performance than budgeted. The ratio of final project costs to estimated project costs is 
substantially higher than conventionally thought. Productivity and the predictability of 
productivity deteriorate with increasing amounts of change. 
 
2.6 Summary of the Literature Review 
Table 2.1 summarizes the key literature that has been reviewed in this chapter. 
Limitations listed in the following table are regarding project change management 
especially proactive change management. Limitations are not applicable to the literature 
that does not have project change as its main research focus. 
 

Table 2.1 Literature review summary 
Author Core contributions Limitations (weakness) 
AACE 
(2004) 

Defined disruption as “an action or event 
which hinders a party from proceeding with 
the work or some portion of the work as 
planned or as scheduled.” 

Did not quantify disruptions and their 
consequences in the context of project 
change. 

   
Anastasopoulos 

et al. 
(2010) 

Identified that project size (contract award 
amount and contract duration) and contract 
duration are associated with change orders. 

Did not consider some other key project 
attributes and their interactive effects on 
project change. A predictive tool was 
also missing. 

   
Bajari and 

Tadelis 
(2001) 

Identified the effects of contract types on 
change-order frequency. 

Did not consider some other key project 
attributes and their interactive effect with 
contract type on project change. 
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Chan et al. 

(2001) 
Identified D-B project success factors as 
project team commitment, client’s 
competencies, and contractor’s 
competencies. 

Did not consider project change 
performance as on of the project 
performance indicators. Did not consider 
some other key project attributes and 
their interactive effects with D-B 
delivery method on project performance. 

   
Chan et al. 

(2004) 
A new conceptual framework for identifying 
variables that affect project success. 

Did not consider project change 
performance as on of the project 
performance indicators. 

   
Chua et al. 

(1999) 
Confirmed that different project objectives 
have different CSFs and project 
characteristics and contractual arrangements 
are as important as project management, 
monitoring and control efforts in achieving 
overall project success. 

Did not consider project change 
performance as on of the project 
performance indicators. 

   
Finke 
(1998) 

Identified change-caused disruptions can be 
both foreseeable and unforeseeable. 
Unforeseeable disruptions are cumulative 
effects. 

Focused on forensic (retrospective) 
change management but did not discuss 
the proactive aspect of change 
management. 

   
Hanna et al. 

(2002) 
Confirmed that change-caused disruptions 
are a major source of damage on 
construction projects. 

Studied change’s cumulative effect 
focusing on labor productivity but did 
not answer the question why some 
projects have more change than others. 

   
Hanna et al. 

(2004) 
Disruptions caused by a change order may 
impact subsequent events if the change 
order itself does involve those tasks. 

Studied change’s cumulative effect 
focusing on labor productivity but did 
not answer the question why some 
projects have more change than others. 

   
Hanna and 
Swanson 
(2007) 

Suggested that change can be caused by 
many factors such as design errors, design 
changes, additions to the scope, or unknown 
conditions in the field. 

Some project factors are hard to 
quantify. Did not perform a quantitative 
analysis between these factors and 
change. Limited practical applications. 

   
Hsieh et al. 

(2004) 
Detected a 10–17% ratio of change order 
cost to total project cost is typical in 
metropolitan public works in Taiwan. Found 
that most change orders arise from problems 
in planning and design, and the construction 
type is correlated to the causes of change 
orders. 

Did not quantify some of the identified 
factors either because they are hard to 
quantify or the lack of data. Limited 
practical applications. 

   
Huovila et al. 

(1997) 
Found fast-tracking is a practically oriented 
approach and through overlapping activities, 
uncertainty on fast-track projects increases 
in comparison to conventional sequential 
method. 

Did not quantify fast-track level. Did not 
analyze fast-track’s impact on project 
change. 

   
Ibbs Defined project change to be "additions, No change predictive tool was 
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(1994) deletions, or other revisions within the 
general scope of a contract that cause an 
adjustment to the contract price or contract 
time". 

developed. Limited applications when it 
comes to predict the potential change 
amount in early project stages. 

   
Ibbs and Allen 

(1995) 
Increasing amounts of project changes will 
have significant and progressively 
worsening impact on labor productivity. 

Studied change’s cumulative effect 
focusing on labor productivity but did 
not answer the question why some 
projects have more change than others. 

   
Ibbs 

(1997) 
The greater the amount of change, the more 
productivity and costs are degraded. 

Studied change’s cumulative effect 
focusing on labor productivity but did 
not answer the question why some 
projects have more change than others. 

   
Ibbs et al. 

(1998) 
The amount of fast-tracking does not 
generally affect the amount of project 
change. But fast-track projects do have 
significantly higher amounts of design 
change and incur a greater proportion of 
change near completion. 

Did not consider some other key project 
attributes and their interactive effect with 
fast-track on project change. 

   
Ibbs et al. 

(2001) 
Identified five principles of effective change 
management, including promote a balanced 
change culture, recognize change, evaluate 
change, implement change, and 
continuously improve from lessons learned, 
and developed a prototype change 
management system. 

This change management system is a 
comprehensive system for understanding 
and managing change from a qualitative 
and managerial perspective. But it lacks 
the support of some quantitative 
analysis. This limits its practical 
applicability. 

   
Ibbs et al. 

(2003) 
The effectiveness of D-B in improving 
project cost and change performance was 
not convincing. 

Did not consider some other key project 
attributes and their interactive effect with 
D-B delivery method on project change 
performance. 

   
Ibbs 

(2005) 
Late project change more adversely affects 
labor productivity than early change. 

Studied change’s cumulative effect 
focusing on labor productivity but did 
not answer the question why some 
projects have more change than others. 

   
Ibbs et al. 

(2007) 
Proposed that there are generally five types 
of change, change in project scope, differing 
site conditions, delays, suspensions, and 
acceleration. 

No quantitative data analysis was 
conducted on different types of change. 

   
Ibbs 

(2012) 
Projects that have change were found to be 
much more likely to have worse cost and 
schedule performance. 

Focused on change’s impact on project 
performance but did not study what 
types of projects are more likely to have 
high change amount. 

   
Jones 
(2001) 

Change not only directly adds to, subtracts 
from, or changes the type of work being 
performed in a particular area but also 
affects other areas of the work for which the 

Focused on explaining change’s ripple 
effect but did not provide a way to 
predict change amount. 
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change has not accounted. 
   

Konchar and 
Sanvido 
(1998) 

Compared CM at-risk, D-B, and D-B-B 
based on their cost, schedule, and quality 
performance in U.S. 

Did not consider project change 
performance as on of the project 
performance indicators. Did not consider 
some other key project attributes and 
their interactive effect with project 
delivery method on selected project 
performance. 

   
Ling et al. 

(2004) 
Developed predictive models for 
performance of D-B and D-B-B projects. 

Did not consider project change 
performance as on of the project 
performance indicators. Did not consider 
some other key project attributes and 
their interactive effect with project 
delivery method on project performance. 

   
Minchin et al. 

(2013) 
Identified that D-B-B projects performed 
significantly better in terms of cost 
performance. D-B has a statistically 
insignificant advantage in term of schedule 
performance. 

Did not consider project change 
performance as on of the project 
performance indicators. No predictive 
model for project performance metrics 
was developed. 

   
Moselhi et al. 

(1991) 
Pointed out that changes are virtually 
inevitable during the course of the work due 
to the uniqueness of each project and the 
limited resources of time and money 
available for planning. 

Did not provide an effective way to 
measure or predict the inevitable project 
change. 

   
Moselhi et al. 

(2005) 
Summarized six factors including Intensity, 
Timing in relation to project duration, work 
type, type of impact, project phase, and on-
site management that significantly influence 
the impact of change orders on labor 
productivity. 

Studied change’s cumulative effect 
focusing on labor productivity but did 
not answer the question why some 
projects have more change than others. 

   
Motawa et al. 

(2007) 
An integrated change management system, 
including a fuzzy logic-based change 
prediction model to predict the likelihood of 
change occurrence. 

Did not consider some of the key project 
factors and their impact on project 
change. The complexity of the model 
may affect its practical applicability. 

   
Park and Pena-

Mora 
(2003) 

A change planning and control tool for 
construction projects based on system 
dynamics model. 

Did not consider some of the key project 
factors and their impact on project 
change. The data availability may affect 
its practical applicability. 

   
PMI 

(2013) 
Defined change management and presented 
a high-level integrated change control 
system. 

The system is primarily qualitative and 
from a managerial perspective, therefore 
lacks the support of some quantitative 
analysis. This limits its practical 
applicability. 

   
Taylor et al. 

(2012) 
Identified the leading causes of change 
orders on highway construction and 

Did not quantify some of the identified 
factors either because they are hard to 
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maintenance projects to be contract 
omissions, owner-induced enhancements, 
contract item overrun, and fuel and asphalt 
adjustment. 

quantify or the lack of data. Limited 
practical applications. 

   
Voropajev 

(1998) 
Defined change management to be an 
integral process related to all project internal 
and external factors, influencing project 
changes; to possible change forecast; to 
identification of already occurred changes; 
to planning preventive impacts; to 
coordination of changes across the entire 
project. 

This model is a good qualitative 
framework for change management. But 
it lacks quantitative analysis on project 
change especially from a proactive 
perspective, therefore limits its practical 
applicability. 

   
Wu et al. 
(2005) 

Found that in order to prevent changes, site-
survey shall be enhanced in the feasibility 
analysis and planning design stages. 

Did not consider other project factors 
and their interactive effect on change. 
Did not provide an effective way to 
measure or predict project change. 

   
Zeitoun and 
Oberlender 

(1993) 

Identified key project factors to change 
prediction prior to the construction state. 

Limited research data used to generate 
the results. Did not integrate those 
factors into a change predictive tool. 

   
Zou and Lee 

(2008) 
Confirmed that implementation of change 
management practice is helpful for project 
change cost performance. 

Limited applications when it comes to 
predict the potential change amount in 
early project stages. 

 
From Table 2.1, considerable amount of research has been conducted on identifying the 
causes of project change as well as quantifying and apportioning the consequences of 
change to the liable parties. However, more research needs to be done on taking these 
cause factors for change and developing a proactive change management model with 
change predictive tools to enhance the project decision-making and improve change 
management in construction industry. 
 
Both industry and academia have developed change management techniques. But a 
comprehensive proactive change management model is still missing in the existing body 
of knowledge. Proactive change identification and prediction is an important but often 
ignored component in current change management practice. It is a key factor in many 
project decision-making processes, including setting up the overall project plan, choosing 
a procurement method, and front-end planning. A model that supports change prediction 
and analysis will be helpful for these management processes. This study aims at 
developing such a model. 
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Chapter 3 Research Methodology 
 
 
This chapter presents the methodology used to achieve the research objectives. The 
research framework illustrates the process of the research as well as the concepts, 
methods, and techniques applied in that process. It is the blueprint of this study from 
inception to completion. The concepts, methods, and techniques are elaborated to the 
extent that they have been applied to this study. The data sources and the data collection 
and cleaning process are also introduced here. 
 
3.1 Research Framework 
This study improves proactive change identification and management in early project 
stages. The primary outcome of this study is a proactive change management model with 
a change predictive tool to address change’s complexity in construction projects and 
mitigate disputes between owners and contractors. To achieve the research objectives 
requires a logical plan and a framework outlining the research method, data sources and 
collection approach, research tools and techniques, and result testing and validating 
procedures. They are explained in the following sections. 
 
3.1.1 Literature Review 
 
This study starts with a literature review. Relevant concepts of project change, change 
impact, change prediction methods, and change management models are reviewed to 
identify and understand the research problems. 
 
3.1.2 Project Change Analysis 
 
Next, a comprehensive project change analysis is conducted. Project change metrics are 
defined. Based on literature review and the availability of the research data, this study 
uses dollar values to measure project change, and defines change to be the percentage of 
the absolute value of change (regardless of positive or negative) in baseline project 
budget. The distribution of change metrics is studied and the correlation between design 
change and construction change is analyzed. 
 
This study defines two project performance measures cost inefficiency and schedule 
delay. These two metrics are often used in practice to evaluate the success of a project. 
Cost inefficiency is often referred to as cost overrun by other researchers. But in this 
study, cost overrun has a different scope. Cost inefficiency is the part of the total project 
overrun that is not attributed to project change. The impact of project change on these 
two performance measures is investigated and the correlation between project cost 
performance and schedule performance is examined. 
 
This part of the dissertation analyzes the distribution of various change metrics and 
project performance measures and studies the correlations between project change and 
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project performance using simple statistical methods. It provides a good overview of 
change on construction projects and serves as foundation for the development of the 
proactive change management model. 
 
3.1.3 Project Attributes and Project Change 
 
The fact that change amount varies from project to project indicates that project factors 
influence project change. This study applies statistical correlation and analysis of 
variance (ANOVA) to evaluate the effects of various project factors on change and to 
identify any statistically significant relationships between project factors and change. 
 
For quantitative project factors, this study calculates the Pearson correlation coefficient. 
For categorical project factors, this study applies ANOVA and calculates the summary 
statistics for each project category 1. The results are interpreted from a practical point of 
view. These findings will help the project decision-making and will be valuable for 
project practitioners to anticipate the potential amount of change. They will be a part of 
the proactive change management model developed in this study. 
 
Being a proactive change management model, the project factors considered in this study 
will be the factors that can be determined at the front-end of a project. These factors are 
often the key decisions made for a construction project or critical attributes that 
determine the nature and success of a project. 
 
3.1.4 Project Change Predictive Tool 
 
Finally, this study develops a multivariate change predictive tool to enhance the proactive 
change management model. In such a model, change prediction and identification are 
essential. Not too many quantitative tools for change prediction have gained success in 
construction industry. This study develops a new change predictive tool for quantitative 
change amount and qualitative change level. The quantitative forecast provides a rigorous 
measure of change while the qualitative prediction provides a heuristic and easy-to-
understand measure of change. They complement each other and provide project 
practitioners with a power tool for different scenarios. With both model outputs, they can 
decide which one or both they want to adopt for the current project, and can easily switch 
between them. 
 
To build this tool, this study uses a combination of statistical models and techniques 
including linear models, decision tree models, statistical clustering, and multiple 
imputations. They will be discussed in more detail in the following sections. For 
classification, project change will be categorized into three levels: high, medium, and 
low. The model predictors considered will be the same project factors as in the previous 
analyses. For both prediction and classification, cross-validation will be used as the 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 A variable is called “categorical” if each observation belongs to one of a set of categories. A variable is called 
“quantitative” if observations on it take numerical values that represent different magnitudes of the variable. 
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primary model selection criterion. Model reduction will be conducted by Akaike 
information criterion (AIC). 
 
To validate the change predictive tool, this study conducts statistical validation. A small 
subset of project data is set aside only for testing purposes. The predictive tool is trained 
upon the rest of the project data. The testing criteria adopted in this study are accuracy, 
robustness and applicability of the model. 
 
3.1.5 Proactive Change Management Model 
 
This study integrates the findings from all the previous analyses into a proactive change 
management model. It serves as a complete framework for proactive change management 
for the industry practitioners. This model is an easy-to-use package including the useful 
information from this study. Industry practitioners can use this model in many different 
ways depending on the project phase and information availability. It provides industry 
professionals with a deep and thorough understanding of project change. It also helps 
them predict potential change on their projects and benchmark their change performance 
against a large set of projects. 
 
3.2 Data Source 
This study uses a proprietary database containing data from nearly 2000 large 
construction projects across the US and overseas. 
 
The project data contain seven parts: general project description, project performance, 
PDRI 2 for building projects, PDRI for industry projects, project practices, engineering 
productivity metrics, and construction productivity metrics. Because collecting data with 
good quality from construction projects is a challenging task, the data set contains some 
missing data. The analysis in this study uses data from general project description section 
and project performance section. 
 
The database contains both owner-responded project data and contractor-responded 
project data. It is often the case that for the same project, owner and contractor will report 
from different perspectives. For example, on D-B-B projects, contractors are often only 
responsible for the construction phase, while owners will have the record for the entire 
project. Therefore, in order to keep the homogeneity of the data, only owner-responded 
projects are analyzed. 
 
The research data are preprocessed before the analysis. For example, change variables are 
normalized to the project size to minimize or avoid random noise. Some categorical 
levels are merged to remove the trivial differences between groups. Logarithmic 
transformation is used for ANOVA based analysis. And outlier projects are identified and 
treated differently. In statistics, an outlier is an observation point that is distant from other 
observations (Grubbs, 1969). In the context of this study, outliers represent the projects 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 PDRI stands for Project Definition Rating Index 
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that have different project performance. Since every construction project is undertaken in 
its unique political, economic, and social environment, the identification of outlier 
projects could be challenging. Some other details of the data preprocessing will be 
discussed in the relevant chapters when they are used. 
 
3.3 Tools and Techniques 
The value of this work lies in the industry practice. For that purpose, this study primarily 
adopts simple statistical methods to perform the data analysis and develop the model. 
This section introduces the core concepts, methods, tools, and techniques used in this 
study. The detailed applications of these tools and techniques will be discussed in the 
relevant sections of the following chapters. Other concepts and techniques will also be 
discussed when they are used. 
 
The project factors in this study contain both quantitative and categorical variables. A 
combination of statistical correlation and analysis of variance (ANOVA) is used to 
analyze their impact on change. Pearson correlation coefficient is widely used in the 
sciences as a measure of the strength of linear dependence between two variables. It is 
calculated to measure the correlations between change and quantitative project factors. 
On the other hand, ANOVA is applied to the categorical project factors to detect any 
significant correlation. 
 
3.3.1 Statistical Correlation 
 
In statistics, correlation refers to any of a broad class of statistical relationships involving 
dependence while dependence is any statistical relationship between two random 
variables. There are several correlation coefficients measuring the degree of correlation, 
and the most common one is the Pearson correlation coefficient. Because of this, 
Pearson's correlation coefficient is often called simply correlation coefficient. In this 
study, all the correlation coefficients calculated will be Pearson correlation coefficients. 
Because this measurement is sensitive only to a linear relationship between two variables, 
visualization tools such as plots will be used to detect any possible nonlinear correlations. 
 
3.3.2 Analysis of Variance 
 
ANOVA provides a statistical test on whether or not the means of several groups are all 
equal and is especially useful when a variable has more than two levels. With the null 
hypothesis being the group means are all equal, significant p-values provide evidence to 
reject the null hypothesis and claim the alternative, which is two or more group means are 
different in a statistically significant way. This study primarily uses one-way ANOVA 
that checks the impact of one categorical independent variable on the response at a time. 
The results are easy to understand and interpret. 
 
A logarithmic transformation is often applied on data with positive skewness to 
approximate a normal distribution (Bland and Altman, 1996). With some data being 
highly skewed, this study applies logarithmic transformation to ensure the normality 
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assumption of ANOVA is satisfied. With the large presence of zeros, a small value is 
added before transformation to avoid generating infinity which will be problematic in this 
type of analysis (Berry, 1987). 
 
3.3.3 Linear Regression Model 
 
In statistics, linear regression is an approach to model the relationship between a scalar 
dependent variable and one or more explanatory variables. The case of one explanatory 
variable is called simple linear regression. For more than one explanatory variable, the 
process is called multiple linear regression. This study uses multiple linear regression to 
build a part of the change predictive tool for quantitative change amount. It is used 
because linear regression is a common research tool that is easy to apply and interpret. 
This study uses statistical imputation to handle the presence of missing data, and cross-
validation concepts to handle the model reduction and selection. They will be described 
in detail in the relevant chapter. 
 
3.3.4 Decision Tree Model 
 
Besides linear regression model, this study also builds predictive models for qualitative 
change level. To achieve that, this study uses a combination of supervised and 
unsupervised statistical learning methods 3 . Clustering as an unsupervised learning 
method is used to label projects, and will be discussed in the next section. Decision tree 
models as supervised learning method are used to build the predictive model. A decision 
tree is a decision support tool that uses a tree-like graph to model decisions and their 
possible consequences. For example in classification trees, leaves represent class labels 
and branches represent conjunctions of features that lead to those class labels. In machine 
learning, decision trees are frequently used to build predictive models and to identify the 
critical variables given a response. In this study, classification trees are used to model 
project change and identify key project factors in change management. 
 
3.3.5 Statistical Clustering 
 
In order to build classification tree models, the data need to be labels, which means that 
each project needs to have a predefined group label to indicate its change level. 
Clustering as an unsupervised learning method is the task of grouping a set of objects in a 
way that objects in the same group are more similar to each other than to objects in other 
groups. It is used to label projects in the data set with different change levels. This study 
uses k-means clustering (MacQueen, 1967). It is a method that partitions the observations 
into k clusters in which each observation belongs to the cluster with the nearest mean. 
The expectation–maximization (EM) algorithm is often used to do the k-means clustering 
and will be used in this study. Expert judgment is also used to ensure the meaningful 
labeling. Comparing to regression analysis, classification reduces the effect of measuring 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3 In supervised algorithms, the classes are predetermined, while in unsupervised algorithms, the classifications are not 
provided with the data. 
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error in the data set, and the model users are provided with a more intuitive output in 
addition to the quantitative prediction. 
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Chapter 4 Project Change Analysis 
 
 
4.1 Defining Project Change 
Project change is any addition, deletion, or other revision to the general scope of a 
contract. It may cause an adjustment to the contract price or contract time. Change could 
be measured in many different ways such as the contract price adjustment, contract time 
adjustment, labor-hour adjustment, or its frequency on a project. For example, a change 
that alters the original scope of a building project and adds one more floor to the plan will 
likely in crease the total project cost, delay the project, and require more labor-hours to 
finish the work. So the same change can have multiple effects. 
 
To measure project change, this study uses the cost measure, which is the extra expense 
that is needed to carry out the change. The reason to choose cost effect over schedule 
effect is that cost is additive while schedule is not. The schedule delay will not be a good 
measure for change amount unless the change work occurs on the critical path of the 
project. On the other hand, the extra expense needed to carry out the change work is a 
relatively more accurate measure no matter where the change work occurs. Due to the 
data availability issue, the labor-hour adjustment measure of project change is not 
considered. Also the extra labor required for change will likely be included in the cost 
measure. 
 
In this study, the change is measured by the absolute size of its cost effect, i.e. regardless 
of whether the change is add-on or subtraction. Therefore, a change that increases the 
project scope by 1 million USD will be treated the same as a change that reduces the 
project scope by 1 million USD. The plus/minus of change will be considered in some 
situations in this study, such as calculating project cost inefficiency and studying the 
distribution of change. But unless specified otherwise, project change will mean the 
absolute dollar value of any modifications to the original scope of a project. 
 
The timing of change is considered by defining and analyzing design change and 
construction change in addition to total project change. The project cost inefficiency will 
also be studied in the same way. The relationship for pairs between design change, 
construction change, design cost inefficiency and construction cost inefficiency will be 
studied in the following sections. 
 
Design Change % = |!"#$%&'  !"#$%&  !!!"#$|

!"#$%&'  !"#$%&  !"#$%&
 × 100%                                                         Formula 1 

 
Construction Change % = |!"#$%&'  !"#$%&'!%("#  !!!"#$|

!"#$%&'  !"#$%!!"#$%&  !"#$%&
 × 100%                                      Formula 2 

 
Total Project Change % = |!"#$%  !"#$%&'  !!!"#$|

!"#$%&'  !"#$%&
 × 100%                                                Formula 3 
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Change % = !"#$%  !"#$%&'  !!!"#$
!"#$%&'  !"#$%&

 × 100%                                                                        Formula 4 

 
Note that formula 1, 2, and 3 treat the absolute value of cost change while formula 4 
does not. 
 
4.2 Defining Cost Overrun and Schedule Delay 
To study change’s impact on project performance, this study selects cost overrun and 
schedule delay to represent the project cost and schedule performance respectively. 
Project cost overrun and schedule delay have been studied by many researchers in the 
context of project performance. If project change is mainly due to someone's active 
initiation, overrun on the other hand is often the final result of the effort of the entire 
project management team. This section defines project cost overrun, cost inefficiency, 
and schedule delay as project performance measures. 
 
4.2.1 Cost Overrun and Cost Inefficiency 
 
In project management, the difference between project initial baseline budget and total 
project actual cost is an important measure of success level. In this study, it is called cost 
overrun. It mainly consists of two parts: project authorized change orders and cost 
inefficiency (or cost loss). In literature, cost inefficiency is often referred to as cost 
overrun. But in this study, cost overrun includes both change and cost inefficiency. Cost 
inefficiency will be used in this study as a measure of project cost performance. 
 
The reason to break up the cost overrun and use cost inefficiency to measure the project 
success is that positive project change will inevitably make the project spend more than 
its original plan. The part in cost overrun that excludes project change is better 
representative of the project cost efficiency. For example, if a project has a budget of $10 
million. During the project, there is a change order issued that is worth $2 million. And 
the project finishes with a total cost of $13 million. The cost overrun is $3 million. 
However the cost inefficiency is only $1 million if excluding authorized change. In other 
words, the $2 million worth of change work increases the project budget from $10 
million to $12 million. The revised project budget ($12 million) is used as the new base 
for measuring project cost performance. 
 
Change-exclusive project cost inefficiency in this study is different from cost overrun 
defined by some other researchers. Cost inefficiency represents the part in project cost 
deviation that cannot directly be explained by change orders. It could be the result of 
bidding mistakes, management issues, or indirect change effect such as change’s 
cumulative impact. 
 
Some existing studies use the difference between project actual cost and baseline budget 
to represent overrun. Ignoring project change while studying project cost overrun can 
lead to misleading results. In general, any potential (unforeseen) change order is not 
included in the budget during project planning. Thus the original project scope will be 



 31 

modified by change orders and the project budget needs to be revised to reflect such 
change as well. 
 
Figure 4.1 provides an overview of the dynamics of project cost. It illustrates the idea that 
the difference between project initial baseline budget and total project actual cost is made 
up of project change and cost inefficiency. It should be pointed out that Figure 4.1 only 
represents one of the several possible scenarios, which is when the project change 
increases the project scope and in addition to change the project is spending more to 
complete. It is also possible for a project to have negative project change (reduction in 
project scope) and/or cost savings (or schedule savings) (Figure 4.2). 
 

 
Figure 4.1 Relationship between project change and cost overrun (scenario 1) 

 

 
Figure 4.2 Relationship between project change and cost overrun (scenario 2) 
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For a construction contractor, whether the cost inefficiency is reimbursable or not 
primarily depends on the project contract type. Generally speaking, on a cost-plus 
project, the contractor will get paid for all the approved change work and cost 
inefficiency. On the other hand, on a fixed-price project, contractor will only get paid by 
a fixed amount agreed on in the contract. Any loss or inefficiency will have to be 
absorbed by the contractor. When analyzing performance from a project’s perspective, it 
is less important that which party pays for the cost inefficiency. It is a loss for the 
industry. Therefore improving cost efficiency is beneficial for the construction industry. 
 
The reliability of project cost overrun depends largely on the accuracy of the original 
project budget estimation. Limited by the data, this factor is not considered in this study 
and could add variation to the results of the analysis. 
 
Project Cost Overrun % = !"#$%&'  !"#!$%!!!"#$%&'  !"#$%&

!"#$%&'  !"#$%&
 × 100%                                  Formula 5 

 
Total Project Cost Inefficiency %  
                                          = !"#$%&'  !"#!$%!!!"#$%&'  !"#$%&!!"#$%&'  !!!"#$

!"#$%&'  !"#$%&
 × 100%        Formula 6 

 
Design Cost Inefficiency % = !"#$%&  !"#!$%!!!"#$%&  !"#$%&!!"#$%&  !!!"#$

!"#$%&  !"#$%&
 × 100%         Formula 7 

 
Construction Cost Inefficiency % 
                  = !"#$%&'(%)"#  !"#!$%!!!"#$%&'(%)"#  !"#$%&!!"#$%&'(%)"#  !!!"#$

!"#$%&'(%)"#  !"#$%&
 × 100%        Formula 8 

 
4.2.2 Schedule Delay 
 
The difference between the project estimated duration and actual duration is the schedule 
delay. It is normalized to minimize the project size effect. 
 
Schedule Delay % = !"#$%&'  !"#$!%  !"#$%&'(!!"#$%&'  !!"##$%  !"#$%&'(

!"#$%&'  !"#$$%&  !"#$%&'(
 × 100%                  Formula 9 

 
4.3 Research Method 
This dissertation builds a proactive change management model. As a first step, this 
chapter studies project change and its impact on project performance especially cost 
inefficiency and schedule delay. 
 
The purpose of this chapter is to conduct an in-depth analysis on project change, and also 
study its impact on two of the most important project performance metrics, namely cost 
inefficiency and schedule delay. Understanding project change and its potential impact on 
construction projects is a critical first step towards an effective change management 
model. This study can also help project practitioners understand and benchmark their 
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projects against a large set of projects. This section introduces the research method and 
data source of this study. The results and findings will be presented in the next section. 
 
4.3.1 Research Hypotheses 
 
It is widely accepted that change has a negative impact on project performance. However 
every project has its unique environment and project performance is very sensitive to it. 
Therefore it is prudent to look at a pool of projects that represent the construction 
industry and investigate the general trend of change impact in the industry. It also serves 
as a benchmark tool for industry practitioners to assess and evaluate their projects. 
 
This study is based on the following three hypotheses: 
1. Project change affects project performance in terms of cost inefficiency and schedule 
delay 
2. There is a positive correlation between design change and construction change. 
3. There is a positive correlation between project cost inefficiency and schedule delay. 
 
This study will start with these hypotheses, conduct statistical analyses, and prove or 
disprove these hypotheses. 
 
4.3.2 Data Source 
 
As introduced in Chapter 3, the data source in this study is a proprietary database 
containing data from nearly 2000 large construction projects. Out of 2000 projects, over 
1000 owner-responded projects are selected into a data set for analysis in order to keep 
the homogeneity of the data. 
 
The data are preprocessed before the analysis. Change metrics and project performance 
metrics are calculated according to Formula 1 – 9. The data set includes both large and 
medium size projects, so all the change and performance metrics are normalized to 
minimize the project size effect. 
 
The final data set contains 1071 projects. Their planned budget ranges from  $35950 to 
$1.76 billion. Their baseline duration ranges from 61 days to 2966 days. Their total labor-
hour ranges from 8 hours to 30 million hours. The earliest start date for these projects is 
June 15, 1990. The latest finish date for these projects is May 13, 2011. Five projects that 
have zero budget are removed. Three projects that dated back to 1960s are removed. The 
project profile for these 1071 projects is shown in Table 4.1. In this dissertation, the 
project duration is measured by the number of calendar days. 
 
4.3.3 Tools and Techniques 
 
A group of statistical tools and techniques are used in this chapter to test the research 
hypotheses. For explanatory data analysis (EDA) purpose, boxplots, histograms and 
scatterplots are developed to visualize project data and identify patterns. Key descriptive 
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statistics such as mean, median, standard deviation, and range are presented for 
benchmarking purposes. Correlation coefficients are calculated and simple linear 
regression is used to check the correlation and dependency between variables. All 
analyses are conducted at the 0.05 significance level. The calculation and data 
visualization are done in statistical programming language R. 
 

Table 4.1 Project profile for 1071 construction projects 
Project profile 

Project delivery method 
Design-Build 130 

Design-Bid-Build 181 
CM at-risk 64 

Parallel Primes 108 
  

Contract type 
Fixed Price 37 
Cost Plus 42 

  
Industry group 

Building 189 
Infrastructure 78 
Heavy industry 422 
Light industry 382 

  
Project nature 

Greenfield 321 
Brownfield 750 

  
Fast-tracking 

Heavy 177 
Moderate 103 

None 114 
  

Project size (Project budget) (unit: $ million) 
< 10 441 

10 – 50 380 
50 – 200 172 

> 200 59 
  

Project size (Project duration) (unit: day) 
< 300 97 

300 – 600 125 
600 -1200 184 

> 1200 78 
 
4.4 Project Change and Project Performance 
This section presents a high level study on project change and its impact on project 
performance. Project performance is measured primarily by cost inefficiency and 
schedule delay. 
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The following aspects will be studied: 
1. Project change distribution; positive change vs. negative change 
2. Project cost inefficiency distribution 
3. Project change vs. project cost inefficiency 
4. Design change vs. construction change 
5. Project schedule delay distribution 
6. Project change vs. schedule delay 
 
Table 4.2 summarizes the Pearson correlation coefficients between change metrics. To 
avoid duplication, the bottom triangle of the matrix was deleted. The p-values are shown 
in parentheses. Each cell contains three numbers, top one is the pairwise observation 
number, i.e. the sample size for generating the correlation coefficient. The middle one is 
the Pearson correlation coefficient. The bottom one in parenthesis is the p-value 
associated with the correlation coefficient. This study uses 0.05 (5%) significance level. 
The significant correlations are highlighted in bold. 
 

Table 4.2 Correlation between change and project performance metrics 

 
Design 
change 

% 

Construction 
change % 

Total 
change 

% 

Design cost 
inefficiency 

% 

Construction 
cost 

inefficiency 
% 

Total Cost 
inefficiency 

% 

Schedule 
delay % 

Design 
change % 

106 
1 

(0) 

77 
0.253 

(0.027) 

106 
0.518 

(0) 

105 
0.051 

(0.608) 

75 
0.17 

(0.144) 

106 
0.093 

(0.346) 

56 
0.327 

(0.014) 

Construction 
change %  

104 
1 

(0) 

104 
0.485 

(0) 

80 
0.043 

(0.708) 

101 
0.275 

(0.005) 

104 
0.14 

(0.157) 

52 
0.042 

(0.765) 

Total change 
%   

461 
1 

(0) 

111 
0.141 

(0.141) 

104 
0.527 

(0) 

459 
0.345 

(0) 

113 
0.14 

(0.139) 
Design cost 
inefficiency 

% 
   

300 
1 

(0) 

198 
0.222 

(0.002) 

300 
0.553 

(0) 

222 
0.102 

(0.128) 
Construction 

cost 
inefficiency 

% 

    
245 

1 
(0) 

245 
0.822 

(0) 

183 
0.155 

(0.036) 

Total Cost 
inefficiency 

% 
     

1049 
1 

(0) 

463 
0.131 

(0.005) 

Schedule 
delay %       

475 
1 

(0) 

 
4.4.1 Analysis of Project Change Metrics 
 
The analysis starts with an examination of the distribution of project change. Figure 4.3 
shows the distribution of the four previously defined change metrics. Table 4.3 presents 
the summary statistics for these change metrics. 
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Figure 4.3 Histograms of change metrics 

 
Table 4.3 Summary statistics of change metrics 

 Design change 
% 

Construction 
change % 

Total project 
change % Change % 

Average 25.71% 6.95% 8.45% 7.29% 
Median 12.72% 3.86% 4.81% 4.15% 

Standard deviation 41% 8.13% 13.83% 15.05% 
 
Project change is common in construction industry. From the large set of projects in this 
study, the average project change is 8.45% of the baseline budget. Change % is defined to 
consider both positive and negative project changes. From Figure 4.4, it is clear that most 
of the project changes are positive changes which increase the project scope while some 
projects incur negative changes which decrease the scope. Much fewer projects have 
negative changes indicating most changes increase the project scope. 
 
On average, the project design phase incurs more change (25.71%) than the project 
construction phase (6.95%) partly because construction phase often has a larger baseline 
budget. There is a positive correlation (0.253) between design change and construction 
change as illustrated in Figure 4.5. Because of the nature of the design-construction 
workflow, it is concluded that a project with high design change will likely to experience 
high construction change. On a fast-track project with heavy design construction overlap, 
the design change could negate the finished construction work, causing rework and 
possibly loss of productivity. On a normal project with no design construction overlap, 
the design change could still disrupt the on-going mobilization for construction, leaving 
hidden problems even with accommodations for the new design. 
 

Design Change % Construction Change % Total Project Change % Change %

0
50

10
0

15
0

20
0
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Figure 4.4 Total project change distribution considering positive and negative 

change 

 

 
Figure 4.5 Design change and construction change 

 
4.4.2 Analysis of Project Cost Inefficiency and Schedule Delay 
 
Change is one of the primary reasons for schedule delay and cost inefficiency, which 
create negative impact on project performance. The liability of change and its 
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consequences is a major source of disagreements between project parties, which often 
lead to disputes or claims. The distribution of project cost inefficiency and schedule delay 
are shown in Figure 4.6. 
 

 
Figure 4.6 Distribution of total project cost inefficiency % and schedule delay % 

 
Both project cost inefficiency % and schedule delay closely follow a normal distribution 
with a long right tail. The width of the bins in the plots is 5%. For cost inefficiency, the 
area with the highest project density is between -5% and 0%. Most of projects finished 
with +/- 40% of the original scope while there are still some projects that had a large 
deviation from the original project plan. For schedule delay, the area with the highest 
project density is between 0% and 5%. Most of projects finished with +/- 30% of the 
planned duration while there are still some projects that had a large deviation from the 
original project plan. 
 
4.4.3 Change Effect on Cost Inefficiency and Schedule Delay 
 
This study quantitatively confirms the widely accepted fact that change often leads to 
cost inefficiency and schedule delay. There is a significant positive correlation (0.345) 
between total project change and total project cost inefficiency (Figure 4.7). The 
correlation between construction change and construction cost inefficiency (0.275) 
(Figure 4.8), as well as total project change and construction cost inefficiency (0.527) 
also turn out to be significant. All the other correlations are positive even not significant. 
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Figure 4.7 Total project change and total project cost inefficiency 

 

 
Figure 4.8 Construction change and construction cost inefficiency 

 
This study also identifies that design change significantly affects schedule delay, with a 
correlation 0.327 (Figure 4.9). Total project change is also positively correlated with 
schedule delay although the correlation is insignificant (Figure 4.10). This supports the 
argument that project change is detrimental to the on-time finish of a construction project. 
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Figure 4.9 Design change and schedule delay 

 

 
Figure 4.10 Total project change and schedule delay 
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Cost and schedule are arguably the two of the most important project performance 
measures. Almost all projects set up target budget and duration for management 
purposes. Research has been conducted on cost-schedule tradeoff and some projects try 
to sacrifice one metric in hoping to achieve better performance on the other metric. 
However, this study detects a week positive correlation (0.131) between project cost 
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inefficiency and schedule delay (Figure 4.11). This could imply that sacrifice one metric 
does not necessarily help the other metric. For example in order to shorten the project 
duration, overtime and overmanning are often used which in general cost more. But they 
will result in some situations such as fatigue and loss of labor efficiency, over-crowded 
site, change of work environment, disrupted learning curve, that will undermine the 
schedule performance. 
 

 
Figure 4.11 Project cost inefficiency and schedule delay 

 
4.5 Summary 
Project change is common in construction industry. From the large set of projects in this 
study, the average project change is 8.45% of the baseline budget. On average, the project 
design phase incurs more change (25.71%) than the project construction phase (6.95%) 
partly because construction phase often has a larger baseline budget. There is a positive 
correlation (0.253) between design change and construction change. Because of the 
nature of the design-construction workflow, it is concluded that a project with high 
design change will likely to experience high construction change. On a fast-track project 
with heavy design construction overlap, the design change could negate the finished 
construction work, causing rework and possibly loss of productivity. On a normal project 
with no design construction overlap, the design change could still disrupt the on-going 
mobilization for construction, leaving hidden problems even with accommodations for 
the new design. 
 
Change is one of the primary reasons for schedule delay and cost inefficiency, which 
create negative impact on project performance. The liability of change and its 
consequences is a major source of disagreements between project parties, which often 
lead to disputes or claims. This study quantitatively confirms the widely accepted fact 
that change often leads to cost inefficiency and schedule delay. There is a significant 
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positive correlation (0.345) between total project change and total project cost 
inefficiency. The correlation between construction change and construction cost 
inefficiency (0.275), as well as total project change and construction cost inefficiency 
(0.527) also turn out to be significant. All the other correlations are positive even not 
significant. This study identifies that design change significantly affects schedule delay, 
with a correlation 0.327. Total project change is also positively correlated with schedule 
delay although the correlation is insignificant. 
 
This study also detects a week positive correlation between two of the most important 
project performance metrics: cost inefficiency and schedule delay. 
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Chapter 5 Project Attributes and Project Change 
 
 
5.1 Introduction and Research Method 
Chapter 4 defined and explored project change and its relationship with project cost 
inefficiency and schedule delay. This chapter will study the relationship between change 
and various project attributes. Project change can be analyzed from many different 
perspectives. From a proactive point of view, the available information is limited. The 
purpose of this study is proactive change management. Therefore, this chapter will only 
study project attributes that are available in the front-end planning stage. 
 
5.1.1 Project Attributes 
 
Based on literature review, and due to the data availability, this chapter will study the 
following project attributes: 
1. Project delivery method 
2. Contract type 
3. Industry group 
4. Project nature 
5. Fast-tracking 
6. Project size 
7. Project contingency 
 
Table 5.1 lists the definitions or levels of these project attributes. The definition for 
project change metrics can be found in Chapter 4. 
 
 

Table 5.1 Definitions of project attributes 
Project attributes Definition/Level 
Fast-track level Heavy (level 1) 

 Moderate (level 2) 
 None (level 3) 
  

Industry Group Buildings (level 1) 
 Heavy Industrial (level 2) 
 Infrastructure (level 3) 
 Light Industrial (level 4) 
  

Project Nature Brownfield (Existing projects) (level 1) 
 Greenfield (level 2) 
  

Project Delivery System CM at-risk (level 1) 
 Traditional D-B-B (level 2) 
 Design-Build (level 3) 
 Parallel Primes (level 4) 
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Overall Contract Type Cost Plus (level 1) 
 Fixed Price (level 2) 
  

Complexity 1 – 7 (7 being the most complex) 
 

Planning and design budget % Planning and design phase budget / Project budget 
Procurement budget % Procurement phase budget / Project budget 

Construction and startup budget % Construction and startup phase budget / Project budget 

Planning and design contingency % Planning and design phase contingency / Planning and design 
phase budget 

Procurement contingency % Procurement phase contingency / Procurement phase budget 

Construction and startup contingency % Construction and startup phase contingency / Construction and 
startup phase budget 

Total project contingency % Total project contingency / Project budget 

Design completion % (Construction start date – design start date) / (design finish date 
– design start date) 

Project budget Total project planned expenses 
Project estimated duration Total project baseline duration 

Project estimated labor-hours Total project estimated labor-hours 
 
5.1.2 Research Method 
 
This study conducts the analysis from a pairwise perspective, i.e. only look at one project 
attribute’s impact on project change at a time. A multivariate model that incorporates 
these attributes together will be developed in the next chapter. 
 
For categorical variables, ANOVA will be used to test the difference between levels. For 
quantitative variables, correlation will be calculated and a simple linear model will be fit 
if necessary. All analyses are conducted at the 0.05 significance level and in statistical 
programming language R. 
 
For explanatory data analysis (EDA) purpose, boxplots, empirical cumulative distribution 
function (ECDF) plots, and scatterplots are developed to visualize project data and 
identify patterns. Boxplot conveys the difference between groups very well, but it does 
not show the distribution within each group. Therefore, the ECDF plots will be generated 
as a complement to the boxplots. Key descriptive statistics such as mean, median, 
standard deviation, and range are presented for benchmarking purpose. 
 
The contribution of this chapter to the body of knowledge is that it provides the 
construction industry with a better understanding of project factors and project change. 
The plots and descriptive statistics help project owners, contractors, and other parties 
benchmark their projects against a large set of construction projects. 
 
5.2 Project Delivery Method and Project Change 
Project delivery method is arguably the most important decision made during the 
planning of a construction project. The major delivery methods include Design-Build, 
Design-Bid-Build, Construction management at risk. This study will also consider 
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Parallel Primes as the fourth delivery method option. This section will look at the 
possible impact delivery method has on project change. 
 
5.2.1 Background 
 
Project delivery method has been studied by many researchers from various perspectives. 
Many studies contribute to analyzing project delivery method and predicting project 
performance in terms of delivery method.  
 
D-B project delivery system is a well-known and widely applied project delivery system 
both in developing and developed countries around the globe. Recent report (DBIA, 
2011) shows that it already accounts for more than 40% of the non-residential 
construction projects in the United States with a steady growth.  
 
D-B project delivery system’s advantages of cost and schedule reduction and risk 
mitigation for owners have been reported widely. But this delivery system has also been 
criticized for less competitive bidding process and possible change’s impact by design 
construction overlapping. The comparison between D-B and other project delivery 
systems (Design-Bid-Build, CM at-risk, etc.) has been widely studied. 
 
D-B-B is a project delivery method in which owner contracts with separate parties for the 
design part and construction part of a project. It is a traditional method for project 
delivery and differs in several substantial aspects from D-B. As its name indicates, a 
typical D-B-B project contains three main sequential phases: design phase, bidding (or 
tender) phase, and construction phase. 
 
CM at-risk is another popular option of delivery method. The construction management 
(CM) party contracts with owner to ensure the delivery of the project within a maximum 
price. The construction manager acts as a consultant to the owner in the development and 
design phases (preconstruction services), and as a general contractor during construction. 
Since the CM is bound to a maximum price, in addition to acting in the owner's interest, 
the construction manager also have to control the construction costs to stay within the 
contract price. It is natural to assume that most CM at-risk projects would use fixed-price 
contract. 
 
One clear advantage of CM at-risk is the budget management. CM estimates and adjusts 
construction costs before the design is completed. CM will try to balance the costs, 
schedule, quality and scope of the project. CM also conducts site management and 
purchases major items to efficiently manage time and cost. 
 
Konchar and Sanvido (1998) compared CM at-risk, D-B, and D-B-B based on their cost, 
schedule, and quality performance using 351 building projects in the United States. Chan 
et al. (2001) identified several key project success factors to D-B projects to be project 
team commitment, client’s competencies, and contractor’s competencies. They agreed 
that the overall success of a D-B project could be measured by cost, schedule, and quality 
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performance. Ling et al. (2004) developed predictive models for performance of D-B and 
D-B-B projects. The models to predict construction and delivery speeds, turnover, and 
system quality turned out to be significant. A statistical analysis conducted by Minchin et 
al. (2013) using Florida Department of Transportation (FDOT) database found that D-B-
B projects performed significantly better in terms of cost performance. For schedule 
performance, a statistically insignificant advantage was shown in favor of D-B.  
 
Most studies focused on comparing D-B and D-B-B and no definitive conclusions have 
been agreed upon in academia regarding project delivery method and project 
performance. Several studies found that D-B outperformed D-B-B in both cost and 
schedule performance (Songer and Molenaar, 1997; Molenaar and Songer, 1998; 
Konchar and Sanvido, 1998), while others only confirmed timesaving as an advantage of 
D-B (Ibbs et al., 2003) or found the opposite (Minchin et al., 2013). 
 
Using Construction Industry Institute’s database, a study by Ibbs et al. (2003) found that 
albeit advocated by numerous studies, the effectiveness of D-B in cost and change was 
not convincing. These findings were confirmed by Shrestha et al. (2011) when they 
compared project delivery method (D-B and D-B-B) with performance metrics (cost, 
schedule, and change orders) of large highway projects, and found that D-B projects 
outperformed D-B-B projects only in construction and project delivery speed. No 
statistically significant difference was found in cost, change or schedule overrun 
performance. 
 
5.2.2 Project Profile 
 
The profile for 483 projects with delivery method response is shown in Table 5.2. 
 

Table 5.2 Project profile for 483 projects with delivery method response 
Project profile 

Project delivery method 
Design-Build 130 

Design-Bid-Build 181 
CM at-risk 64 

Parallel Primes 108 
  

Contract type 
Fixed Price 37 
Cost Plus 41 

  
Industry group 

Building 52 
Infrastructure 32 
Heavy industry 92 
Light industry 307 

  
Project nature 

Greenfield 138 
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Brownfield 345 
  

Fast-tracking 
Heavy 137 

Moderate 80 
None 70 

  
Project size (Project budget) (unit: $ million) 

< 10 202 
10 – 50 150 

50 – 200 87 
> 200 29 

  
Project size (Project duration) (unit: day) 

< 300 92 
300 – 600 111 
600 -1200 179 

> 1200 77 
 
5.2.3 Results and Discussion 
 

 
Figure 5.1 Design change of project delivery methods 
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Figure 5.2 ECDF of design change of project delivery methods 

 
Table 5.3 Design change summary statistics and ANOVA result of project delivery 

methods 
Project Delivery 

Method 
Sample 

size Median Average Standard 
deviation Min value Max value 

CM at-risk 11 15% 30% 34% 0% 100% 
Design-Bid-Build 17 7.3% 22% 42% 0% 180% 

Design-Build 22 8.2% 26% 53% 0% 230% 
Parallel Primes 10 17% 46% 65% 4.2% 220% 

ANOVA p-value: 0.66 (Not significant) 
 
Figure 5.1 and 5.2 compare the project design change distribution for various project 
delivery methods. Table 5.3 presents the summary statistics and ANOVA test result. For 
design change %, both projects with D-B-B and D-B delivery methods appear to incur 
less change than the other two delivery methods. Between the two, D-B-B is slightly 
better than D-B with both a lower median 7.3% comparing to 8.2% of D-B, and a lower 
average 22% comparing to 26% of D-B. On the other hand, both CM at-risk and Parallel 
Primes have higher design change. On CM at-risk projects, sometimes the construction 
management team can effectively adjust the design change. Therefore more design 
change does not necessarily spell trouble. 
 
All the delivery methods have a higher average than median value. This indicates a right-
tailed distribution which could be explained by the outliers (separate black dots in the 
boxplot) that exist for all the delivery methods. The right tail distribution is supported by 
the ECDF plots. Most of projects in the sample have less than 50% design change, i.e. 
change value is less than half of the design budget. Ten projects have more than 50% 

0

50

100

150

200

0 25 50 75 100
Project Percentile

D
es

ig
n 

C
ha

ng
e 

%

CM at-Risk

Design-Bid-Build

Design-Build

Parallel Primes



 49 

design change, with the largest one having 230% design change. As a result, project 
mangers should be alerted if their projects have design change more than 50%. Even with 
50% threshold, the average scale of the design change % in the industry is still much 
bigger comparing to the average scale of the construction change which will be discussed 
in the following section. 
 

 
Figure 5.3 Construction change of project delivery methods 

 

 
Figure 5.4 ECDF of construction change of project delivery methods 
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Table 5.4 Construction change summary statistics and ANOVA result of project 

delivery methods 
Project Delivery 

Method 
Sample 

size Median Average Standard 
deviation Min value Max value 

CM at-risk 12 8% 12% 11% 0% 40% 
Design-Bid-Build 18 5.1% 7.2% 7.5% 0% 32% 

Design-Build 16 5.1% 5.3% 4.8% 0% 14% 
Parallel Primes 10 7.2% 6.3% 3.7% 0.019% 12% 

ANOVA p-value: 0.15 (Not significant) 
 
Figure 5.3 and 5.4 compare the project construction change distribution for various 
project delivery methods. Table 5.4 presents the summary statistics and ANOVA test 
result. For construction change %, projects with D-B-B and D-B delivery methods still 
appear to incur less change than the other two delivery methods. Between the two, D-B is 
slightly better than D-B-B with the same median 5.1% but better average 5.3% 
comparing to 7.2% of D-B-B. Parallel Primes projects have a similar construction change 
performance with a slightly higher median of 7.2%. CM at-risk is worst among the four. 
 
Comparing to design change %, construction change % for the sample projects have a 
smaller scale. This is likely due to the fact that construction phase in general has a higher 
base budget than design phase. Therefore the same amount of change work will trigger a 
higher design change % than construction change %. There is also no significant right tail 
in construction change case comparing to design change. CM at-risk and D-B-B each has 
an outlier that has extreme construction change. But every project else has a construction 
change that is less than 20% of its baseline construction budget. 
 

 
Figure 5.5 Total project change of project delivery methods 
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Figure 5.6 ECDF of total project change of project delivery methods 

 
Table 5.5 Total project change summary statistics and ANOVA result of project 

delivery methods 
Project Delivery 

Method 
Sample 

size Median Average Standard 
deviation Min value Max value 

CM at-risk 18 9% 9.8% 7.4% 0% 27% 
Design-Bid-Build 46 6.1% 10% 9.7% 0% 36% 

Design-Build 40 3.7% 5.8% 5.6% 0% 22% 
Parallel Primes 20 5.7% 7.9% 6.4% 0% 24% 

ANOVA p-value: 0.055 (Not significant) 
 
Figure 5.5 and 5.6 compare the total project change distribution for various project 
delivery methods. Table 5.5 presents the summary statistics and ANOVA test result. Both 
D-B and D-B-B have a better change performance for design and construction change. 
When it comes to total project cost change %, D-B stands out to be the best delivery 
method. It has the lowest median 3.7% and the lowest average 5.8%. From the ECDF 
plots, D-B line is lower than the other three lines the throughout the entire plot. CM at-
risk on the other hand has the highest median 9% and second highest average 9.8%. In 
terms of single project performance, there are four D-B-B projects that have a higher 
change % than all other projects. This could explain why D-B-B has the highest average 
change % 10% and the largest standard deviation 9.7%. 
 
The scale of total project change % is close to construction change %, with most projects 
have a total project change less than 20% of its budget. This proves that the budget of a 
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construction project is largely made up of the construction part with the exception of 
design only projects. 
 
The success of D-B delivery method in project change could be explained by a better 
communication. D-B projects are designed and built by the same entity. A better 
communication between design segment and construction segment will effectively 
control the risk of design change, mitigate or avoid its propagation to the entire project. 
The ANOVA p-value is small even though insignificant. Therefore Design-Build is the 
recommended delivery method for controlling cost change order. 
 
5.3 Contract Type and Project Change 
Contract type is another important decision on a construction project. The choice of 
contract type will have a big impact on how the project will be managed. Two of the 
major contract types in the industry are cost-plus (aka. cost reimbursement) and fixed-
price (aka. lump sum). This section will look at the possible impact contract type has on 
project change. 
 
5.3.1 Background 
 
Fixed-price as its name suggested is a contract type that the amount of payment does not 
depend on the amount of resources or time expended. Fixed-price contract is often used 
by owner to transfer project risk to the vendor, and control costs. But it can still result in a 
failure if costs greatly exceed the ability of the contractor to absorb unforeseen cost 
overruns. 
 
Fixed-price projects tend to work well when the cost of the work is well documented 
either by the industry standard or by the contractor's past portfolio. But many believe 
such contracts are the most expensive, especially when the risks or costs are unknown 
(Weigelt, 2009). 
 
A cost-plus is a contract type that a contractor is paid for all of its allowed expenses to a 
set limit plus additional payment to allow for a profit (CSIS, 2014). A cost-plus contract 
shifts some risk from the contractor to the owner. It is often used when the project scope 
cannot be clearly and explicitly defined, or when there is not enough data to accurately 
estimate the final cost. 
 
There is little discussion about contract type and project change in literature partially due 
to the lack of sizable research data. Due to the limited sample size, the analysis in this 
section will lack some statistical power. 
 
5.3.2 Project Profile 
 
The profile for 79 projects with contract type response is shown in Table 5.6. 
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Table 5.6 Project profile for 79 projects with contract type response 
Project profile 

Project delivery method 
Design-Build 31 

Design-Bid-Build 20 
CM at-risk 10 

Parallel Primes 17 
  

Contract type 
Fixed Price 37 
Cost Plus 42 

  
Industry group 

Building 1 
Infrastructure 0 
Heavy industry 16 
Light industry 62 

  
Project nature 

Greenfield 31 
Brownfield 48 

  
Fast-tracking 

Heavy 40 
Moderate 21 

None 13 
  

Project size (Project budget) (unit: $ million) 
< 10 7 

10 – 50 33 
50 – 200 24 

> 200 12 
  

Project size (Project duration) (unit: day) 
< 300 0 

300 – 600 9 
600 -1200 45 

> 1200 22 
 
5.3.3 Results and Discussion 
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Figure 5.7 Design change of contract types 

 

 
Figure 5.8 ECDF of design change of contact types 

 

Table 5.7 Design change summary statistics and ANOVA result of contract type 
Contract 

Type Sample size Median Average Standard 
deviation Min value Max value 

Cost-Plus 5 0% 1.8% 3.9% 0% 8.8% 
Fixed-Price 1 33% 33% NA% 33% 33% 

ANOVA p-value: 0.002 (Significant at 0.05 level) 
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Figure 5.7 and 5.8 compare the project design change distribution for various project 
contract types. Table 5.7 presents the summary statistics and ANOVA test result. There 
are five cost-plus projects reported their design change amount, four of them have zero 
design change while one of them have 8.8% design change. The only fixed-price project 
in the sample has 33% design change. Cost-plus seems to be a better option. But because 
of the small sample size, it is hard to tell whether the only fixed-price project is typical or 
not. From the only five data points of cost-plus, and considering the scale of design 
change % in the last section, cost-plus is recommended as a reliable contract type for 
avoiding design change. 
 

 
Figure 5.9 Total project change of contract type 

 

 
Figure 5.10 ECDF of total project change of contract type 
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Table 5.8 Total project change summary statistics and ANOVA result of contract 

type 
Contract 

Type Sample size Median Average Standard 
deviation Min value Max value 

Cost-Plus 6 2.1% 1.9% 1.7% 0% 3.6% 
Fixed-Price 2 5.5% 5.5% 0.089% 5.5% 5.6% 

ANOVA p-value: 0.027 (Significant at 0.05 level) 
 
Figure 5.9 and 5.10 compare the total project change distribution for various project 
contract types. Table 5.8 presents the summary statistics and ANOVA test result. For 
total project cost change %, the sample size issue still exists. Only six cost-plus project 
and two fixed-price projects have tracked their total project change amount. Of those 
projects, the six cost-plus projects performed better than the two fixed-price projects with 
a better median 2.1% vs. 5.5% and a better average 1.9% vs. 5.5%. Both contract types 
have a small variation because of the sample size, especially for fixed price. Even though 
ANOVA test turns out to be significant, the results remain to be further validated with a 
bigger data set, and can only be trusted to a certain level. 
 
Because of the data issue, the construction change % is not analyzed here. 
 
5.4 Industry Group and Project Change 
Construction projects belong to different industry groups. Little research has been 
conducted on analyzing the change performance between industry groups. This section 
will answer the question whether change performance is different between industry 
groups. Four industry groups will be considered here. They are heavy industry, light 
industry, building and infrastructure. Project industry group is not a decision made by the 
project team rather a project attribute. 
 
5.4.1 Background 
 
The industry group indicates what type of industry the construction project is in. Light 
industry is often consumer-oriented and most of light industry products are produced for 
end users rather than as intermediates for use by other industries (Sullivan and Sheffrin, 
2003). One typical example of a light industry would be manufacturing. 
 
Heavy industry refers to production of products which are either heavy in weight or will 
be consumed by another industry. It can also be generalized as more capital intensive or 
as requiring greater or more advanced resources, facilities or management (Sullivan and 
Sheffrin, 2003). Examples of heavy industry include chemical plants, oil refinery, the 
production of construction equipment such as cranes and bulldozers, etc. 
 
Infrastructure is the basic physical and organizational structure needed for the operation 
of a society or enterprise, or the services and facilities necessary for an economy to 
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function (Sullivan and Sheffrin, 2003). The term typically refers to the technical 
structures that support a society, such as roads, bridges, water supply, sewers, electrical 
grids, telecommunications, etc. The owners of the infrastructure projects are typically 
government agencies. 
 
Building projects in this study include both commercial and residential building projects. 
 
5.4.2 Project Profile 
 
The profile for 1071 projects with industry group response is shown in Table 5.9. 
 

Table 5.9 Project profile for 1071 projects with industry group response 
Project profile 

Project delivery method 
Design-Build 130 

Design-Bid-Build 181 
CM at-risk 64 

Parallel Primes 108 
  

Contract type 
Fixed Price 37 
Cost Plus 42 

  
Industry group 

Building 189 
Infrastructure 78 
Heavy industry 422 
Light industry 382 

  
Project nature 

Greenfield 321 
Brownfield 750 

  
Fast-tracking 

Heavy 177 
Moderate 103 

None 114 
  

Project size (Project budget) (unit: $ million) 
< 10 441 

10 – 50 380 
50 – 200 172 

> 200 59 
  

Project size (Project duration) (unit: day) 
< 300 97 

300 – 600 125 
600 -1200 184 

> 1200 78 
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5.4.3 Results and Discussion 
 

 
Figure 5.11 Design change of industry groups 

 

 
Figure 5.12 ECDF of design of industry groups 
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Table 5.10 Design change summary statistics and ANOVA result of industry group 
Industrial 

Group Sample size Median Average Standard 
deviation Min value Max value 

Building 15 5% 21% 45% 0% 180% 
Heavy 

Industry 40 14% 20% 23% 0% 97% 

Infrastructure 9 10% 14% 14% 0% 42% 
Light Industry 42 15% 36% 54% 0% 230% 

ANOVA p-value: 0.23 (Not significant) 
 
Figure 5.11 and 5.12 compare the project design change distribution for construction 
projects in various industry groups. Table 5.10 presents the summary statistics and 
ANOVA test result. For design change, the difference between industry groups is 
insignificant. Building projects have the lowest median 5%, and infrastructure projects 
have the lowest average 14%. Infrastructure projects also have the smallest standard 
deviation 14% indicating its design change is more predictable and its scope is better 
defined than projects in other industry. 
 

 
Figure 5.13 Construction change of industry groups 
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Figure 5.14 ECDF of construction change of industry group 

 

Table 5.11 Construction change summary statistics and ANOVA result of industry 
group 

Industrial 
Group Sample size Median Average Standard 

deviation Min value Max value 

Building 11 3.6% 4.6% 4% 0% 13% 
Heavy 

Industry 37 1.6% 4.3% 6.8% 0% 23% 

Infrastructure 6 2.7% 5.6% 8.2% 0% 22% 
Light Industry 50 8.2% 9.6% 9% 0% 40% 

ANOVA p-value: 0.016 (Significant at 0.05 level) 
 
Figure 5.13 and 5.14 compare the project construction change distribution for 
construction projects in various industry groups. Table 5.11 presents the summary 
statistics and ANOVA test result. For construction change, the difference between 
industry groups is statistically significant. Heavy industry has the lowest median 1.6% 
and average 4.3%. On the other hand, light industry has the highest median 8.2% and 
average 9.6%. Infrastructure projects also have the largest standard deviation, making it 
hard to predict its construction change performance. Building projects have the smallest 
standard deviation with no extreme projects shown in the boxplot. 
 
Again, the scale of the construction change is smaller than the scale of the design change. 
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Figure 5.15 Total project change of industry groups 

 

 
Figure 5.16 ECDF of total project change of industry groups 

 
Figure 5.15 and 5.16 compare the total project change distribution for construction 
projects in various industry groups. Table 5.12 presents the summary statistics and 
ANOVA test result. From the data analysis, heavy industry projects appear to be 
successful in minimizing project change with the lowest median 3.1% and average 6.6%. 
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Light industry projects have the highest median change of 6.8% while infrastructure 
projects have the highest average change of 11%. 
 
Table 5.12 Total project change summary statistics and ANOVA result of industry 

groups 
Industrial 

Group Sample size Median Average Standard 
deviation Min value Max value 

Building 100 5.5% 10% 18% 0% 150% 
Heavy 

Industry 200 3.1% 6.6% 13% 0% 140% 

Infrastructure 35 5.6% 11% 20% 0% 110% 
Light Industry 120 6.8% 9.2% 7.6% 0% 36% 

ANOVA p-value: 0.059 (Not significant) 
 
All four industry groups have outliers with extremely high change % especially for 
building, infrastructure and heavy industry. As a result all four industry groups have a 
right-tailed distribution. 
 
5.5 Project Nature and Project Change 
Depending on whether a project has any constraints from prior work, it can be 
categorized into either greenfield project or brownfield project. This section will answer 
the question whether change performance is different between greenfield projects and 
brownfield projects. 
 
5.5.1 Background 
 
A greenfield project is a project that is constructed on a greenfield site where no existing 
structure or infrastructure needs to be demolished. A brownfield project on the other hand 
could be a new project but on a brownfield site where it is previously used for industrial 
or commercial purposes. A brownfield project could also be a renovation project, which 
is often restrained by existing structure, operations, etc.  
 
Brownfield project has gain special practical and research interest recently. The term 
“Brownfield” first came up in the early 1990s in the United States, referring to the type of 
land that is previously used for industrial or commercial purpose. Brownfield land is 
often contaminated or polluted and needs to be cleaned up before reuse (EPA, 2013). 
Therefore, the brownfield project usually involves demolishing old facilities, cleaning up 
the site and building new facilities, such as residential neighborhoods, sports facilities, 
industry buildings, etc. Now the brownfield project also applies to project upgrading with 
previously used land or industrial commercial facilities. So the brownfield projects also 
include modernization, expansion, add-on projects and other projects with similar 
purpose. 
 
Brownfield projects are often constrained by many factors, such as existing structures, 
ongoing operations, and environmental concerns. But some research has shown that they 
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also have a high investment-output ratio. A report by Environmental Protection Agency 
(EPA) shows that every public dollar spent on brownfields leverages 2.5 USD in private 
investment. And the ratio is 4.5 when it comes to reusing brownfield land and saving 
pristine land. 
 
5.5.2 Project Profile 
 
The profile for 1071 projects with project nature response is shown in Table 5.13. 
 

Table 5.13 Project profile for 1071 projects with project nature response 
Project profile 

Project delivery method 
Design-Build 130 

Design-Bid-Build 181 
CM at-risk 64 

Parallel Primes 108 
  

Contract type 
Fixed Price 37 
Cost Plus 42 

  
Industry group 

Building 189 
Infrastructure 78 
Heavy industry 422 
Light industry 382 

  
Project nature 

Greenfield 321 
Brownfield 750 

  
Fast-tracking 

Heavy 177 
Moderate 103 

None 114 
  

Project size (Project budget) (unit: $ million) 
< 10 441 

10 – 50 380 
50 – 200 172 

> 200 59 
  

Project size (Project duration) (unit: day) 
< 300 97 

300 – 600 125 
600 -1200 184 

> 1200 78 
 
5.5.3 Results and Discussion 
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Figure 5.17 Brownfield vs. Greenfield design change 

 

 
Figure 5.18 ECDF of design change (Brownfield vs. Greenfield) 

 
Figure 5.17 and 5.18 compare the project design change distribution for brownfield and 
greenfield projects. Table 5.14 presents the summary statistics and ANOVA test result. 
Brownfield projects have a higher median design change % and average design change % 
than greenfield projects. But this difference is not supported by ANOVA test. This 
difference could be explained by the fact that a brownfield project is often constrained by 
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many factors, such as existing structures, ongoing operations, and environmental 
concerns while a greenfield project is often less constrained by these factors. 
 

Table 5.14 Design change summary statistics and ANOVA result of project nature 
Project 
Nature Sample size Median Average Standard 

deviation Min value Max value 

Brownfield 73 15% 28% 44% 0% 230% 
Greenfield 33 8.8% 20% 35% 0% 180% 

ANOVA p-value: 0.33 (Not significant) 
 
Even though most of the projects in the data set were able to finish within 50% design 
change, both types have projects that experienced design change as high as over 150%. 
Same as project delivery method, if a project incurs a 50% or more design change, 
project mangers should be alerted. 
 

 
Figure 5.19 Brownfield vs. Greenfield construction change 
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Figure 5.20 ECDF of construction change (Brownfield vs. Greenfield) 

 
Table 5.15 Construction change summary statistics and ANOVA result of project 

nature 
Project 
Nature Sample size Median Average Standard 

deviation Min value Max value 

Brownfield 75 3.7% 7.2% 8.7% 0% 40% 
Greenfield 29 4.5% 6.3% 6.4% 0% 22% 

ANOVA p-value: 0.62 (Not significant) 
 
Figure 5.19 and 5.20 compare the project construction change distribution for brownfield 
and greenfield projects. Table 5.15 presents the summary statistics and ANOVA test 
result. For construction change, there is no significant difference between greenfield 
projects and brownfield projects. Brownfield projects have a lower median while 
greenfield projects have a lower mean. From the ECDF plot, no significant difference can 
be found except that brownfield projects deviate from greenfield projects on the higher 
end and incur more changes. 
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Figure 5.21 Brownfield vs. Greenfield total project change 

 

 
Figure 5.22 ECDF of total project change (Brownfield vs. Greenfield) 
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Table 5.16 Total project change summary statistics and ANOVA result of project 
nature 

Project 
Nature Sample size Median Average Standard 

deviation Min value Max value 

Brownfield 310 5.1% 9.1% 15% 0% 150% 
Greenfield 150 4.4% 7.1% 9.7% 0% 77% 

ANOVA p-value: 0.15 (Not significant) 
 
Figure 5.21 and 5.22 compare the total project change distribution for brownfield and 
greenfield projects. Table 5.16 presents the summary statistics and ANOVA test result. 
For total project change, no significant difference can be found. Greenfield projects have 
a slightly better median and mean change %. More brownfield projects that incur 
extremely high change. 
 
From the data analysis, it is possible that project nature does not affect project change. 
But it is worth noting that due to the complex environment that a brownfield project 
faces, it is more likely to incur extremely high change amount than a project that is 
constructed on a greenfield land. 
 
5.6 Fast-tracking and Project Change 
Fast-tracking (aka. concurrent engineering) is a way to speed up a project by starting 
construction before the design is 100% completed. The fast-track level of a project is 
largely dependent on its delivery method. A Design-Build project will likely to have 
more concurrent schedule than a Design-Bid-Build project. But many other factors can 
also affect the fast-track level, such as schedule driven project vs. cost driven project. 
This section will define fast-track level and study its impact on project change. 
 
5.6.1 Background 
 
Fast-tracking (sometimes also referred to as concurrent design and construction) has been 
adopted by the construction industry to reduce the project duration as an alternative for 
the conventional sequential approach for the past several decades (Hendrickson and Au, 
1989; Huovila et al., 1997). The literature on this topic dates back to the 1980s. Project 
Management Institute (1987) defined fast-track as the follows: 
The starting or implementation of a project by overlapping activities, commonly entailing 
the overlapping of design and construction activities. 
 
A large number of modern construction projects rely on fast-tracking to achieve better 
overall project performance. For example, among 395 construction projects studied in 
this study, 281 (71%) projects overlapped design and construction to some level. 
Furthermore, 178 (45%) projects started their construction even before half the design 
was completed. This will be further discussed in the following sections. 
 
Although heavily applied, fast-tracking is still a practically oriented approach, without 
solid conceptual or theoretical basis (Huovila et al., 1997). The actual benefits of fast-
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tracking remain uncertain, and both successful and unsuccessful cases have been reported 
and analyzed (Fazio et al., 1988; Laufer and Cohenca, 1990; Tighe, 1991; Williams, 
1995). 
 
Effective fast-tracking in a construction project can help reduce the duration and lower 
the cost of the project (Tighe, 1991; Williams, 1995). Ibbs et al. (1998) also found that 
fast-tracking generally do not result in more project change than non-fast-track projects. 
 
However, through overlapping activities, uncertainty in fast-track projects is increased in 
comparison to conventional sequential method (Huovila et al., 1997). As a result, fast-
track projects (low percentages of design completion prior to the start of construction) 
will likely to suffer lack of efficiency from less than optimum design (Tighe, 1991; 
Williams, 1995), considerable construction delays (Laufer and Cohenca, 1990), 
unexpected cost overrun (Fazio et al., 1988; Huovila et al., 1997) and decrease in value of 
the end product (Huovila et al., 1997). In response to the uncertainty associated with fast-
tracking, dynamic planning model and control methodology were developed by some 
researchers (Pena-Mora and Li, 2001) to reduce such uncertainty and absorb unforeseen 
changes. 
 
This section studies fast-tracking’s solo impact on project change as well as its mixed 
impact with project delivery method and contract type on project change. 
 
Fast-tracking definition 
 
First of all, design completion % and fast-track level are defined as following: 
 
Design completion % = !"#$%&'(%)"#  !"#$"  !"#$!!"#$%&  !"#$"  !"#$

!"#$%&  !"#"$!  !"#$!!"#$%&  !"#$"  !"#$
 × 100% 

(Design completion % ∈ [0, 100%]) 
 
The distribution of design completion % for 395 projects in this study is shown in Figure 
5.23. Fast-track level is defined based on design completion %, and is shown in Table 
5.17. 
 
It is worth noting that 1. Design completion % is defined to be the ratio of the duration 
from design start to construction start and the duration of design. The meaningful range 
of design completion % is [0, 100%]. Any values that are outside this range will be 
converted to the nearest end point. 2. Actual schedule data were used instead of planned 
schedule data. The reason is actual data better reflect the design construction overlapping 
degree. 3. The design completion % definition implies that the greater the more 
completed design before construction starts. However, there is an implicit assumption: 
design is linearly performed, which is often not the case. No design work can be 
guaranteed to be perfectly linear, but in general, we believe this still serves as a good 
estimation when more detailed data are not available. 4. The definition of fast-track level 
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is based on design completion %, and the levels are selected to be reasonable in practice 
and also to make them as even as possible. 
 

Table 5.17 Definitions of fast-track levels 
Design Completion % Fast-track level # of projects 
Between 0 and 50% Heavy 177 

Between 50% and 100% Moderate 103 
100% complete None 114 

Total 395 
 

 
Figure 5.23 Project design completion % distribution 
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Figure 5.24 Design completion % for project delivery methods 

 

 
Figure 5.25 ECDF of design completion % of project delivery methods 

 
Figure 5.24 shows the design completion % boxplots of four major delivery methods. 
The band inside each box represents the second quartile (the median). Traditional D-B-B 
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method has a significantly higher median, while Design-Build is the lowest among the 
other three. 
 
Figure 5.25 supports this finding by showing the ECDF plots for each project delivery 
method. The horizontal axis represents the percentile of each project in its delivery 
method category. All four delivery methods start from the leftmost of the graph (0th 
percentile) and end at the rightmost (100th percentile). In this way, their distribution can 
be compared directly. Again, traditional D-B-B stands out as having fewer projects being 
heavily fast-tracked. The other three delivery methods have similar patterns in terms of 
design completion %. 
 
The ANOVA further confirms that there is a significant difference in fast-track usage 
between these delivery methods, with a p-value close to 0 (3.75e-7). Aside Parallel 
Primes, Design-Build and CM at-risk projects are more likely to fast-track than 
traditional D-B-B projects. By the nature of Design-Build and D-B-B, this is what people 
would expect. 
 
However, this study also reveals that a large number of traditional D-B-B projects also 
have parallel design and construction. In fact, more than half of the D-B-B projects in the 
sample have some degree of overlap between their design and construction phases. And 
of those projects, about half of them heavily fast-tracked by definition in this study (i.e. 
construction starts before half of the design finishes). Therefore, we conclude that 
although not comparable to other delivery methods, D-B-B projects are still utilizing fast-
tracking to a high level. 
 
5.6.2 Project Profile 
 
The profile for 394 projects with fast-track level response is shown in Table 5.18. 
 

Table 5.18 Project profile for 394 projects with fast-track level response 
Project profile 

Project delivery method 
Design-Build 94 

Design-Bid-Build 80 
CM at-risk 62 

Parallel Primes 51 
  

Contract type 
Fixed Price 33 
Cost Plus 41 

  
Industry group 

Building 49 
Infrastructure 24 
Heavy industry 80 
Light industry 241 
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Project nature 
Greenfield 137 
Brownfield 257 

  
Fast-tracking 

Heavy 177 
Moderate 103 

None 114 
  

Project size (Project budget) (unit: $ million) 
< 10 95 

10 – 50 167 
50 – 200 94 

> 200 27 
  

Project size (Project duration) (unit: day) 
< 300 10 

300 – 600 50 
600 -1200 144 

> 1200 70 
 
5.6.3 Results and Discussion 
 
Figure 5.26 and 5.27 compare the project design change distribution for projects with 
various fast-track levels. Table 5.19 presents the summary statistics and ANOVA test 
result. 
 

 
Figure 5.26 Design change of fast-track levels 
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Figure 5.27 ECDF of design change of fast-track levels 

 

Table 5.19 Design change summary statistics and ANOVA result of fast-track levels 
Fast-track 

level 
Sample 

size Median Average Standard 
deviation Min value Max value 

Heavy 43 21% 30% 42% 0% 230% 
Moderate 25 14% 25% 33% 0% 120% 

None 35 7.7% 22% 46% 0% 220% 
ANOVA p-value: 0.70 (Not significant) 

 
Figure 5.28 and 5.29 compare the project construction change distribution for projects 
with various fast-track levels. Table 5.20 presents the summary statistics and ANOVA 
test result. 
 

Table 5.20 Construction summary statistics and ANOVA result of fast-track levels 
Fast-track 

level 
Sample 

size Median Average Standard 
deviation Min value Max value 

Heavy 44 3.6% 7.2% 9% 0% 40% 
Moderate 22 3.9% 7.8% 8.5% 0% 24% 

None 35 5.7% 6.5% 7% 0% 27% 
ANOVA p-value: 0.83 (Not significant) 
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Figure 5.28 Construction change of fast-track levels 

 

 
Figure 5.29 ECDF of construction change of fast-track levels 

 
Figure 5.30 and 5.31 compare the total project change distribution for projects with 
various fast-track levels. Table 5.21 presents the summary statistics and ANOVA test 
result. 
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Figure 5.30 Total project change of fast-track levels 

 

 
Figure 5.31 ECDF of total project change of fast-track levels 
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Table 5.21 Total project change summary statistics and ANOVA result of fast-track 
levels 

Fast-track 
level 

Sample 
size Median Average Standard 

deviation Min value Max value 

Heavy 73 5.5% 8.3% 7.9% 0% 36% 
Moderate 45 7.2% 13% 22% 0% 140% 

None 64 5.7% 7.3% 6.1% 0% 22% 
ANOVA p-value: 0.07 (Not significant) 

 
The data analysis results show that for design change, none fast-track projects perform 
the best, with the lowest median 7.7% and the lowest average 22%. But this difference is 
not supported by the ANOVA test. There are both heavy fast-track projects and none 
fast-track projects that experienced a large amount of design change (over 200 % of their 
design budget). 
 
For construction change, different levels of fast-tracking perform almost the same, with 
heavy fast-tracking having the lowest median 3.6%, and none fast-tracking have the 
lowest average 6.5%. The scale of the construction change % is smaller than the design 
change % again. 
 
For total project change, the differences between groups are minimal. Moderate fast-
tracking has a slightly higher median than heavy fast-tracking and none fast-track 
projects. Moderate fast-tracking also has a higher average possibly caused by one 
extreme project that has nearly 150% of change as shown in the ECDF plots. All three 
fast-track levels have similar cumulative distributions except that moderate fast-tracking 
has a project with extreme total project change %. 
 
The project data are further split in terms of their delivery method and contract type. 
ANOVA is conducted on each subcategory and the results are summarized in Table 5.22. 
Only 3 out of 20 valid tests turn out to be significant at 5% level. For CM at-risk and D-
B-B projects, heavy and moderate fast-track projects do have more project change than 
none fast-track projects. Random noise could be one reason for this due to the small 
sample size. Another reason for D-B-B projects could be their separate design and 
construction entities make timely communication and problem solving difficult on fast-
track projects. This could also explain why D-B projects do not experience high change 
volume on average. 
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Table 5.22 Summary of ANOVA test results 

Group Design 
Change % 

Construction 
Change % 

Total 
project 

Change % 
General test (all projects) ✖ ✖ ✖ 

PDM (CM at-risk) ✖ ✖ ✔ 
PDM (D-B-B) ✖ ✖ ✔ 

PDM (D-B) ✖ ✖ ✖ 
PDM (Parallel Primes) ✖ ✔ ✖ 

Contract type (cost-plus) ✖ ✖ ✖ 
Contract type (fixed-price) ✖ NA ✖ 

Note: ✔ represents statistical significance; ✖ represents statistical insignificance; NA means not enough 
data to conduct the test. PDM stands for project delivery method. 
 
Based on this result, we conclude that fast-tracking does not affect project change in a 
statistically significant way, which confirms the finding in Ibbs et al. (1998) that fast-
tracking does not necessarily cause more project change. From this study, we conclude 
that the benefits of schedule reduction on fast-track projects do not come with the price of 
more project change orders or worse cost/schedule overruns. Overall, fast-tracking is a 
healthy strategy in construction industry in terms of project change. 
 
Practically speaking, fast-track project often has a more condensed design schedule and is 
likely to rush the design and therefore prone to change. Based on the findings, some 
possible explanations are put forward as why no significant difference between fast-track 
levels were found as follows: 
 
1. Project team has a potential to allocate more contingency on fast-track projects than 
non-fast-track projects for the reason to better control cost performance on fast-track 
projects. More contingency will increase the total project budget and therefore increase 
the denominator in the change performance metric ratio and decrease the change amount. 
More contingency will also act as a buffer for risk and potential cost overrun, and 
therefore hide the poor performance on certain fast-track projects. 
 
2. Owner of other project parties are more likely to assign better project management 
team to fast-track projects due to the widely accepted fact that fast-track projects are 
harder to manage and therefore are more problem-prone. This hedges/offsets the 
complexity of fast-track projects to some degree, and increases the overall change 
performance of fast-track projects in the industry. 
 
3. This study also found that there is a significant relationship between fast-track level 
and project delivery method. In general, D-B projects are more likely to fast-track than 
D-B-B projects. Since there is no casual relationship detected, it could also be that fast-
track projects are more likely to use Design-Build. On D-B projects, designer and 
contractor usually work closely. Better communication and collaboration could 
effectively reduce the amount of change. Furthermore, the better collaboration between 
owners and their clients on fast-track projects may also contribute to such findings. 
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Future research could focus on owner’s satisfaction and detect whether fast-tracking a 
project actually improves its value-adding process. 
 
5.7 Project Size, Cost Contingency and Project Change 
5.7.1 Background 
 
The size of construction project varies significantly. Cost contingency is a risk 
management plan for uncertainties on a project such as how precise items estimation is, 
how work will be performed, what work conditions will be like when the project is 
executed and so on. In general a project would allocated between 5-10% of its total 
budget as contingency. But the number still varies from project to project. This section 
will assess the effect of project size and contingency allocation plan on project change 
performance. 
 
5.7.2 Results and Discussion 
 
The correlations between project change metrics and project size, contingency are 
summarized in Table 5.23. Each cell contains three numbers, top one is the pairwise 
observation number, i.e. the sample size for generating the correlation coefficient. The 
middle one is the Pearson correlation coefficient. The bottom one in parenthesis is the p-
value associated with the correlation coefficient. This study uses 0.05 (5%) significance 
level. The significant correlations are highlighted in bold. 
 

Table 5.23 Correlation between change and project size and contingency 

 Design 
change % 

Construction 
change % 

Total project 
change % 

Total project budget 
106 

-0.056 
(0.571) 

104 
-0.054 
(0.587) 

461 
-0.04 

(0.391) 

Total project baseline duration 
58 

-0.258 
(0.051) 

55 
-0.117 
(0.396) 

118 
-0.056 
(0.547) 

Total project labor-hours 
54 

-0.138 
(0.319) 

49 
-0.202 
(0.164) 

103 
-0.056 
(0.575) 

Total project contingency % 
75 

0.044 
(0.708) 

69 
-0.119 
(0.332) 

143 
-0.015 
(0.854) 

 
From Table 5.23, no significant pairwise correlation is found between project change and 
project size or contingency. However, no pairwise effect does not necessarily mean there 
is no interactive effect for those factors as a combination. Their interactive effect on 
project change will be studied in detail in the development of change predictive tool in 
the next chapter. 
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5.8 Summary 
This study analyzes various project factors and their impact on project change as one 
component of the proactive change management model for benchmarking and estimation. 
This chapter summarizes the analyses and presents the findings.  
 
D-B is a better option to minimize overall project change than D-B-B and CM at-risk 
even though D-B-B rivals D-B in terms of design change performance. D-B project’s 
advantage in project coordination and communication outshines the other delivery 
methods when considering the entire project.  
 
Interestingly, heavy industry projects appear to be quite successful in controlling project 
cost change with the lowest median (3.1% total project change) and average (6.6% total 
project change) among all industry groups given the complexity of the work and heavy 
usage of the specialized material and machinery. On the hand, light industry projects 
have the worst median (6.8% total project change) and infrastructure projects have the 
worst average (11% total project change). No significant difference can be found between 
greenfield projects and brownfield projects. Greenfield projects perform slightly better 
and more brownfield projects had extremely high change. The difference between fast-
track levels is minimal with heavy and none fast-tracking perform slightly better than 
moderate fast-tracking. The difference could be due to random noise and does not have 
significant practical implications. 
 
This chapter is a component of the proactive change management model developed in 
this dissertation. This chapter studies the relationship between project change and key 
project factors in the front end of a construction project. The selected factors are either 
key project decisions that need to be made before a project starts such as delivery 
method, contract type and fast-track level, or they are project characteristics that 
represent the nature of a project such as project size, contingency allocation, and industry 
group. After all, these factors are often available in early project stages. Therefore, 
project professionals can use these results to gain understanding of change performance 
on various projects and to enhance their decision-making process to improve the overall 
project performance. These results can also be used by project mangers to benchmark 
their projects against a large set of projects in the industry. 
 
The ANOVA test results reported in this chapter are summarized in Table 5.24. 
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Table 5.24 Summary of ANOVA test results 

Test Design 
Change % 

Construction 
Change % 

Total project 
Change % 

Project delivery method ✖ ✖ ✖ 
Contract type ✖ NA ✖ 

Industry group ✖ ✔ ✖ 
Project nature ✖ ✖ ✖ 

General test (all projects) ✖ ✖ ✖ 
PDM (CM at-risk) ✖ ✖ ✔ 

PDM (D-B-B) ✖ ✖ ✔ 
PDM (D-B) ✖ ✖ ✖ 

PDM (Parallel Primes) ✖ ✔ ✖ 
Contract type (cost-plus) ✖ NA ✖ 

Contract type (fixed-price) ✖ NA ✖ 
Note: ✔ represents statistical significance; ✖ represents statistical insignificance; NA means not enough 
data to conduct the test. 
 
This chapter a does not study the interactive effect between project factors on change. 
This will be studied as a part of the change predictive tool in the next chapter. 
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Chapter 6 Project Change Predictive Tool 
 
 
6.1 Introduction and Research Method 
Proactive change management is an important component in change management. Last 
chapter presents the analysis of key project attributes and project change from a pairwise 
point of view. This chapter analyzes these factors but from a different angle, i.e. their 
interactive impact on project change and develops a multivariate project change 
predictive tool that can be used in early project stages to forecast the potential change 
amount and change level. A predictive tool by nature is proactive, therefore fits well in 
the proactive change management model developed in this study. Since the tool is 
designed for use in early project stages, the component variables of this tool are all 
predetermined before the start of a project. 
 
6.1.1 Introduction 
 
A large number of construction projects fail to meet their cost and schedule plans (CII, 
1995; Pena-Mora et al., 2008). Meanwhile, many construction projects experience large 
amount of change order (Hanna et al., 2002; Ibbs 1997 and 2005). The difference 
between project plan and actual realization can be attributed to two parts: change order 
and overrun. Therefore, it is crucial for project practitioners to have good estimations of 
both change order and overrun before their projects start. 
 
Change order is a distraction to construction projects. Not only will change order affect 
the original project scope, it will often give rise to various types of ripple effects such as 
re-work cycle and loss of labor efficiency. Many changes end up with claims, disputes or 
even litigation procedures. Although project change order has been widely studied, little 
research has had success on accurately predicting a project’s final change amount in early 
project stages. Construction project change management is a sophisticated process 
involving various factors. Better change management tools especially quantitative ones 
are needed to facilitate such change management process and are essential for on time 
and within budget project delivery.  
 
This chapter develops a predictive tool for project change. This work is a good first step 
towards solving the problem of predicting project change before the project authorization. 
This is significant and worth the effort because change is a distraction to construction 
projects, and therefore knowing project change ahead of time will make project 
practitioners prepared and improve their decision-making process. 
 
6.1.2 Data Source 
 
This chapter uses the same data source as previous chapters. Detailed discussion about 
the data source can be found in Chapter 3. 
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Construction projects are influenced by numerous factors. Therefore, the selection of 
variables to include in the predictive model is challenging. This chapter continues to use 
the project attributes discussed in the previous chapter mainly because they are some of 
the key factors available at the front end of a project. This list of variables is by no means 
comprehensive. Because this study uses an existing database instead of developing its 
own, data availability issue exists. Also some factors are hard or impossible to measure in 
early stages such as different site conditions, design error, and force majeure. Further 
studies need to address these issues. 
 
6.1.3 Research Method 
 
In order to provide a meaningful output and accommodate different use cases for 
potential users, this tool predicts change from two aspects. The first aspect is a 
quantitative prediction, a change amount represented as the percentage in the baseline 
budget. The second aspect is a qualitative prediction, a change level measured against the 
overall performance in the industry. 
 
Besides scientific research, the purpose of this tool is also for industry practice. 
Therefore, it is important to develop a tool that meets the need of a project practitioner, in 
terms of format and content. The selected methods in this chapter make sure that the tool 
is easy to use and the output of the tool is easy to interpret in practice. Two sets of 
statistical tools and techniques are selected in this chapter to develop the two aspects of 
the project change predictive tool. 
 
For the component that predicts change amount, this study uses linear model with 
multiple imputation. For the component that predicts change level, this study uses 
clustering and classification tree models. Their detailed usage will be discussed in the 
corresponding sections. The better models are selected based on statistical validation. All 
the data analysis and visualization is done in statistical programming language R with the 
help of various third party packages. 
 
6.2 Linear Model 
This section presents the development of the linear models that are a part of the change 
predictive tool. 
 
6.2.1 Research Method 
	  
Linear regression model is probably the most widely used research tool for building 
predictive models due to its simple form and high performance. On the basis, this section 
builds three multiple linear regression models, one for each change metric. But unlike 
building a general linear model that is normally the case for other studies, this section 
takes a different route, and develops an imputation and cross-validation based linear 
model to accommodate the incompleteness of the research data. Such method conquers 
the missing data issue with multiple imputation and ensures the model predictive power 
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with a special semi-cross-validation development cycle. The following paragraphs will 
describe how this is achieved. 
 
Multiple imputation 
 
Due to the fact that a portion of data are missing in the database, and no apparent 
regularity of missing values could be found, we put down the following assumption: all 
the not available values were missing at random. This is a fairly strong assumption, but it 
guarantees the application of multiple imputation. 
 
In statistics, imputation is the process to replace missing values with some plausible 
values. Once all missing values have been imputed, the dataset can then be analyzed 
using standard techniques for complete data. The analysis should ideally take into 
account that there is a greater degree of uncertainty than if the imputed values had 
actually been observed. In multiple imputation (MI), by imputing the missing values 
multiple times and form several complete data matrices, the real world uncertainty of the 
data is represented. In this study, the multiple imputation will be performed using R 
package “Amelia” (Honaker et al., 1998). Because the imputation does not generalize to 
categorical variables, the linear models developed here will only consider quantitative 
project factors. The decision tree models developed in the next section will include both 
quantitative and categorical variables. 
 
Akaike information criterion 
 
The Akaike information criterion (AIC) is a measure of the relative goodness of fit of a 
statistical model first proposed by Akaike (1974). It deals with the trade-off between the 
goodness of fit of the model and the complexity of the model. In general, a more complex 
model will have a better fit for the training data. But it does not necessarily work well for 
new data. AIC offers a relative estimate of the information lost when a given model is 
used to represent the process that generates the data and penalizes the number of 
predictors and therefore discourages overfitting. 
 
AIC will be used in the linear model development to reduce the full model and select the 
best subset of variables for each imputed design matrix.  
 
Cross-validation 
 
After the best model in terms of AIC score is selected for each imputed design matrix, 
cross-validation is then used to select the best model among all imputed design matrices. 
The selection criterion is model predictive power. 
 
Cross-validation is a technique for assessing how the results of a statistical analysis will 
generalize to an independent data set (Kohavi, 1995). It is primarily used in settings 
where the goal is prediction, and to estimate how accurately a predictive model will 
perform in practice. Due to the special situation of our data, a similar validation test is 
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applied. In order to get our models’ predictive performance, instead of dividing the 
dataset into several folds such as in k-fold validation, we will use the model generated by 
one imputed complete dataset to predict the rest several complete datasets imputed in the 
same simulation (in this study, we will use m=5, i.e. each simulation will impute 5 
complete datasets). And then the correlation between predicted values and true values 
will be calculated. We will then take the average of the correlations as an indicator of the 
model predictive power.  
 
This is a semi-cross-validation method which follows the concept of cross-validation but 
implemented in a different way. It takes advantage of the property of multiple imputation. 
By imputing the missing values multiple times and form several complete data matrices, 
the real world uncertainty of the data is represented. Each time the missing values in the 
dataset will be simulated independently, and therefore can be treated as a set of new 
observations and used as cross-validation test data in the model. No literature has 
reported such method, therefore no performance benchmark can be found. The 
performance of the models generated in this study will be tested by a separate test data 
set. But the general performance of such method remains to be tested. 
 
6.2.2 Model Development Steps 
 
The development of the linear models is described in detail here. Since there are three 
models to be built and all of them share the same steps, the development of total project 
cost % model is used as an illustration. All three models will be summarized in the next 
section. 
 
Detect and remove outliers 
 

Table 6.1 Thresholds for outlier screening 
Variable Outlier removal threshold 

Design phase budget % Values greater than 100% will be removed 
Procurement phase budget % Values greater than 100% will be removed 
Construction phase budget % Values greater than 100% will be removed 
Design phase contingency % Values greater than 100% will be removed 

Procurement phase contingency % Values greater than 100% will be removed 
Construction phase contingency % Values greater than 100% will be removed 

Total project contingency % Values greater than 100% will be removed 
Total project budget Values that are 0 will be removed 

Design change % Values greater than 300% will be removed 
Construction change % Values greater than 80% will be removed 
Total project change % Values greater than 300% will be removed 

 
Outliers are detected from the raw data collected at the beginning of the research. These 
outliers could be due to several reasons such as reporting error, mistakes in data transfer, 
or true outlier projects. Exploratory data analysis (EDA) is useful in detecting such 
outliers and some statistical outlier criterion such as the 3 IQR (interquartile range) rule is 
also used as a reference. Besides statistical outliers, if the value of a variable is not 
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consistent with the common sense in real world practice, extra steps will be taken to 
remove it. The outlier removal criteria are listed in Table 6.1. Some of the criteria are 
only for protective screening, it does not necessarily mean all the outlier filters were used 
in the analysis. 
 
First look of the design matrix 
 
Figure 6.1 illustrates the data availability of the design matrix (including both predictors 
and response). Red lines denote observed values and light yellow area denotes missing 
values. This study starts with a large design matrix of over 1000 projects. Therefore, the 
plot is condense on vertical axis. It can be observed that the completeness of the variables 
varies. 
 

 
Figure 6.1 Data availability after outliers removed (Number of observations: 1071) 

 
Remove incomplete dependent variable observations 
 
From Figure 6.1, there are missing values for the dependent variable total project change 
%. If those missing values are left in the design matrix, multiple imputation will try to fill 
in those blanks with imputed change %. This will introduce uncertainty to the data and 
jeopardize the model that will be developed based on this design matrix because of the 
unreliable response. Therefore, the next step in the design matrix processing is to remove 
the projects with incomplete dependent variable total project change %. Figure 6.2 shows 
the completeness of the design matrix after this step. 
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Figure 6.2 Data availability after missing dependent variable values removed 

(Number of observations: 461) 

 
Remove incomplete projects 
 
After the observations with incomplete dependent variable removed, there are 461 
projects left in the design matrix. Many of these projects still have large number of 
missing values even though all of them have reported their change data. Imputing all 
these missing values is unreliable because it will introduce large amount of variance 
making the data set no longer trustable. Also it would be computationally impossible to 
impute such data set. As a result, a threshold k is defined and only projects with missing 
variables less than or equal to k will be kept in the design matrix. 
 
To determine the threshold k, a special test is carried out. Figure 6.3 illustrates such 
process. For each possible k, first the projects with more than k missing values are 
removed from the design matrix. Next the missing data are imputed once. With the 
complete design matrix, regular linear model fitting and AIC model selection are 
conducted. The R2 of the model is recorded and plotted on the left side of the graph. The 
sample size (number of projects left in the design matrix) is also recorded and plotted on 
the right side of the graph. 
 
As k increases, more projects survive the cut and stay in the model, and sample size 
increases. However as k increases, the model fitting result gets worse. It is likely because 
the increased number of imputed variables makes the model more variant and steers it 
away from the reality it is trying to model. The uncertainty introduced by imputation 
jeopardizes the model fitting. Between keeping more projects in the design matrix to 
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boost the statistical power and maintaining a fair amount of imputation to improve the 
model accuracy, a tradeoff threshold k is set to be 4. This cutoff point provides a fairly 
large sample but still not too many missing values. 
 

 
Figure 6.3 Batch missing value removal cutoff point selection 

 

 
Figure 6.4 Data availability after projects with more than 4 missing values removed 

(Number of observations: 114) 
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The design matrix after this last step of data trimming is shown in Figure 6.4. The final 
design matrix contains 114 projects. Given the number of the predictors (12) in this 
model, it is acceptable (nearly 10 times of the number of model predictors). 
 
Multiple imputation and cross-validation 
 
As already been discussed in the last section, imputation is the process to replace missing 
values with some plausible values. Once all missing values have been imputed, the 
dataset can then be analyzed using standard techniques for complete data. 
 
In this study, rather than impute the design matrix once, a semi-cross-validation method 
is designed to better take advantage of the multiple imputation process and to enhance the 
predictive power of the final model with cross-validation. For each complete design 
matrix, a linear model is fit and selected by AIC. That model is then used to predict the 
rest 4 complete datasets imputed in the same simulation (since in this study m=5, each 
simulation will impute 5 complete datasets). And then the correlation between predicted 
values and true values is calculated. The average correlation is used to select the best 
model out of that simulation. In this study, 500 simulations are conducted for each model 
development process. The model with the highest cross-validation correlation coefficient 
is selected as the final model. Figure 6.5 presents the cross-validation correlation 
coefficients and model R2 of 500 simulations for developing total project change % 
model. 
 

 
Figure 6.5 Cross-validation correlation coefficients and model R-squares of 500 

simulations 
 
Assumption test 
 
The linear model assumptions are validated by plotting the residual against the 
standardized predicted values and plotting the PP plot (Figure 6.6). In the residual plot on 
the left side, the shape of the dots is close to a football shape with fat middle part and thin 
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edges. PP plot (probability–probability plot or percent–percent plot) is a probability plot 
for assessing how closely two data sets agree. It plots the empirical cumulative 
distribution function of the residual (observed probability) against the theoretical 
cumulative distribution function (expected probability). Theoretically the residuals in a 
linear model follow a normal distribution. In the PP plot on the right side, the two 
distributions match very well, which validates the assumption that the residuals in the 
total project change % model are normally distributed. 
 

 
Figure 6.6 Assumption test results 

 
6.2.3 Model Summary 
 
Table 6.2 summarizes the key statistics in each model development process. K is the 
missing value cutoff threshold. Training data size is the number of projects left in the 
final data set. R-square is the best model R2 of all 500 simulations. Cross-validation 
coefficient is the best cross-validation coefficient of all 500 simulations. The final models 
are also summarized in this section. 
 

Table 6.2 Linear models development summary 

 K Training data 
size 

Simulation 
number R-square Cross-validation 

coefficient 
Total project 

change % 4 114 500 0.658 0.639 

Design change % 5 99 500 0.569 0.390 
Construction 

change % 5 97 500 0.856 0.355 
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𝑇𝑜𝑡𝑎𝑙  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑐ℎ𝑎𝑛𝑔𝑒  % =   −0.3963 
                                                                                                  +    4.137×10!!"  ×  𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑏𝑢𝑑𝑔𝑒𝑡       
                                                                                                  −    5.73×10!!  ×  𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛       
                                                                                                  −    2.053×10!!  ×  𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑡𝑜𝑡𝑎𝑙  𝑙𝑎𝑏𝑜𝑟  ℎ𝑜𝑢𝑟𝑠       
                                                                                                  +    0.5118  ×  𝐷𝑒𝑠𝑖𝑔𝑛  𝑏𝑢𝑑𝑔𝑒𝑡  %       
                                                                                                  +    0.5908  ×  𝑃𝑟𝑜𝑐𝑢𝑟𝑒𝑚𝑒𝑛𝑡  𝑏𝑢𝑑𝑔𝑒𝑡  %     
                                                                                                  +    0.5397  ×  𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛  𝑏𝑢𝑑𝑔𝑒𝑡  %     
                                                                                                  −    0.4484  ×  𝐷𝑒𝑠𝑖𝑔𝑛  𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦  %       
                                                                                                  +    0.3644  ×  𝑃𝑟𝑜𝑐𝑢𝑟𝑒𝑚𝑒𝑛𝑡  𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦  %       
                                                                                                  −    1.014  ×  𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛  𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦  %       
                                                                                                  +    0.877  ×  𝑇𝑜𝑡𝑎𝑙  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦  %              (formula 1) 
 
𝐷𝑒𝑠𝑖𝑔𝑛  𝑐ℎ𝑎𝑛𝑔𝑒  % =   0.0449 
                                                                          +    9.4×10!!  ×  𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦       
                                                                          −    1.837×10!!  ×  𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛       
                                                                          −    0.9499  ×  𝐷𝑒𝑠𝑖𝑔𝑛  𝑏𝑢𝑑𝑔𝑒𝑡  %       
                                                                          −    0.7184  ×  𝑃𝑟𝑜𝑐𝑢𝑟𝑒𝑚𝑒𝑛𝑡  𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦  %       
                                                                          +    2.614  ×  𝑇𝑜𝑡𝑎𝑙  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦  %                         (formula 2) 
 
𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛  𝑐ℎ𝑎𝑛𝑔𝑒  % =   −0.4215 
                                                                                                  +    1.2×10!!  ×  𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦       
                                                                                                  +    5.23×10!!"  ×  𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑏𝑢𝑑𝑔𝑒𝑡       
                                                                                                  −    9.244×10!!  ×  𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛       
                                                                                                  −    2.53×10!!  ×  𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑡𝑜𝑡𝑎𝑙  𝑙𝑎𝑏𝑜𝑟  ℎ𝑜𝑢𝑟𝑠       
                                                                                                  +    0.3782  ×  𝐷𝑒𝑠𝑖𝑔𝑛  𝑏𝑢𝑑𝑔𝑒𝑡  %       
                                                                                                  +    0.5929  ×  𝑃𝑟𝑜𝑐𝑢𝑟𝑒𝑚𝑒𝑛𝑡  𝑏𝑢𝑑𝑔𝑒𝑡  %     
                                                                                                  +    0.5665  ×  𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛  𝑏𝑢𝑑𝑔𝑒𝑡  %     
                                                                                                  −    0.7471  ×  𝐷𝑒𝑠𝑖𝑔𝑛  𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦  %       
                                                                                                  −    1.111  ×  𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛  𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦  %       
                                                                                                  +    1.456  ×  𝑇𝑜𝑡𝑎𝑙  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦  %              (formula 3) 
 
6.2.4 Model Validation 
 
The models developed in this section are validated by a new data set consisting of 21 
projects that was set aside before the model development. This assures that the data used 
for training the model and testing the model are disjoint, and therefore the purpose of 
model testing with real world data can be achieved. The validation results of all three 
models are shown in Table 6.3. For each mode, the true values are listed on the left side 
in ascending order. The corresponding predicted values are listed on the right side. The 
correlation between the true values and predicted values is calculated and listed at the 
bottom of each model. This correlation can take value between -1 and 1. Higher 
correlation indicates a better predictive model. 
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Table 6.3 Validation results for linear models 
Total project change % model Design change % model Construction change % model 
Actual change 

% 
Predicted 
change % 

Actual change 
% 

Predicted 
change % 

Actual change 
% 

Predicted 
change % 

0 4.05 0 37.7 0 9.74 
0 -0.78 0 34.07 0 6.55 
0 2.56 0 22.62 0 1.57 

0.12 6.1 0 12.31 0 -7.42 
1.2 4.85 0 44.64 0 6.16 

3.86 6.32 1.97 43.87 0.02 11.06 
4.22 5.25 4.02 48.1 2.03 5.83 
5.41 9.1 4.17 39.3 2.35 1.14 
5.44 3.34 5.18 11.83 3.52 6.25 
5.91 4.1 7.28 6.93 4.23 8.35 
6.09 8.57 15.27 40.51 6.6 4.12 
9.75 2.13 15.32 35.68 7.93 10.76 
9.91 7.39 15.66 42.26 8.42 10.28 

10.23 7.07 26.87 46.3 9.01 7.99 
10.41 8.54 41.03 56.86 9.22 7.76 
10.83 9.26 51.21 37.77 10.26 8.72 
11.56 6.42 80.25 23.16 11.5 0.12 
12.77 9.11 80.54 24.8 11.68 5.67 
13.85 1.02 102.77 56.25 13.12 8.36 
21.17 14.19 216.82 79.98 13.52 10.47 
22.39 7.66 231.87 57.5 19.65 13.85 

Correlation: 0.542 Correlation: 0.586 Correlation: 0.417 
 
From the validation results, all three models have a positive correlation between the 
predicted value and true value. The best model is the design change % model with a 
correlation 0.586. The model for total project change % comes in second with a 0.542 
correlation. Given the small number of predictors used in these models, such results are 
encouraging. With limited project change predictive models existing in the industry, 
these models serve as a good starting point for future development. 
 
6.2.5 Discussion and Practical Implications 
 
High R2 does not necessarily lead to good predictive performance. Overfitted models are 
generally known as having poor predictive powers. Since the purpose of the model is for 
prediction, the model is selected by its cross-validation predictive power.  
 
Construction projects are highly unpredictable due to many unforeseeable factors. 
Therefore, it is almost impossible to achieve optimal predictive performance. The models 
developed in this study were able to achieve accepted predictive performance while only 
using a small number of predictors. This implies that although construction projects are 
unpredictable, they still follow some rules and it is possible to provide meaningful 
estimates for project change even in early project stages with incomplete project data. 
 
A key assumption made in this study is missing at random. This is a fairly strong 
assumption and no evidence supports that the data were missing at random. It could be 



 93 

possible that some data were missing due to the version change of the questionnaires that 
were used to collect the raw data. Therefore those missing values will belong to the 
projects close to each other temporally. This could bring correlation to the missing data. 
Even though this possibly did not jeopardize the predictive power of the model, future 
research is needed to examine the effect of removing projects on the distribution of 
explanatory variables. 
 
In the validation results, even though there are some projects that have a big discrepancy 
between their true change values and predicted values, most of the projects have their 
predicted values close to its true values. Ideally, one would like to have a perfect 
prediction, but unfortunately that does not exist in construction industry. Most owners 
would agree that a prediction is better than nothing.  
 
Change is a serious and expensive problem for the Construction Industry. A lot of 
projects ended up with cost or schedule overrun, and change is widely accepted as a 
major cause for this. The models developed in this section contribute to the proactive 
change management by helping project professionals better understand the mechanism of 
project change and by providing them with a fairly reliable change estimation tool. 
 
This method was able to turn an incomplete data set into several predictive models. 
Given the small number of predictors used in these models, the model validation results 
are encouraging. With limited project change predictive models existing in the industry, 
these models serve as a good starting point for future development. With more and better 
quality data, future research can attempt to develop models with higher predictive power. 
 
6.3 Decision Tree Model 
Last section develops the change predictive models for quantitative change amount. This 
section will build decision tree models for qualitative change level. These decision tree 
models will also be a part of the project change predictive tool developed in this chapter. 
 
There are two major types of decision trees, regression tree and classification tree. To 
predict qualitative change level, this study uses classification tree. It requires the 
dependent variable, project change, to be a categorical variable. But since the change 
metrics are defined as numerical variables so far in this dissertation, the k-means 
clustering method is used to group the change variables. The details of the research 
method are described in the next section. 
 
6.3.1 Research Method 
 
A combination of supervised and unsupervised statistical learning methods is used to 
build the predictive model for qualitative change level. Since the original change metrics 
are defined as numeric variables, clustering as an unsupervised learning method is used to 
classify projects in the observed dataset and label them with three different change levels 
(Low, Medium, High). The thresholds of k-means clustering are given in Table 6.5. 
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Next, decision tree model as a supervised learning method is used to build the model for 
predicting the possible change level for a construction project given the basic project 
attributes. A decision tree is a decision support tool that uses a tree-like graph or model of 
decisions and their possible consequences, including chance event outcomes, resource 
costs, and utility. Decision trees are commonly used in operations research, specifically 
in decision analysis, to help identify a strategy most likely to reach a goal. 
 
Decision tree learning uses a decision tree as a predictive model which maps observations 
about an item to conclusions about the item's target value. It is one of the predictive 
modeling approaches used in statistics, data mining and machine learning. More 
descriptive names for such tree models are classification trees or regression trees. In these 
tree structures, leaves represent class labels and branches represent conjunctions of 
features that lead to those class labels. 
 
When implementing decision tree learning for construction project change management, 
the project factors constitute a set of candidate variables for split. At each step, a factor is 
selected so that it creates the most separation of the projects in terms of their change 
levels. To illustrate this idea, a simple example is given as follows: 
 
Assume we have two independent variables Variable 1 and Variable 2, each has two 
levels “low” and “high”. The dependent variable change also has two levels, “low” and 
“high”. There are six projects in the training set listed in Table 6.4. 
 

Table 6.4 Sample data to illustrate decision tree model development 
 Variable 1 Variable 2 Change level 

Project 1 Low Low Low 
Project 2 Low High Low 
Project 3 Low Low Low 
Project 4 High High High 
Project 5 High Low High 
Project 6 High High High 

 
Given such a data set, Variable1 will be selected to separate the data because the “low” 
group of Variable 1 contains three projects all with “low” change, and the “high” group 
of Varaible1 contains three projects all with “high” change. The separation is perfect. On 
the other hand, the “low” group of Variable 2 contains one project with “low” change and 
two projects with “high” change. The “high” group of Variable 2 contains two projects 
with “low” change and one project with “high” change. The separation is not as good as 
Variable 1. 
 
In decision tree models, the “majority votes” (the category with the highest frequency in 
that group) is used as the predicted value. If Variable 1 is selected as a split, projects with 
“low” value will be predicted to have “low” level of change, and vice versa. If Variable 2 
is selected as a split, projects with “low” value will be predicted to have “high” level of 
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change as the majority being the two projects with “high” change. Projects with “high” 
value will be predicted to have “low” level of change. 
 
If the separation is perfect, like Variable 1 in this simple example, we do not observe any 
project with “high” change in the “low” Variable 1 group. Therefore it is relatively safe 
to predict “low” level of change for “low” Variable 1 projects. For Variable 2, the 
separation is not perfect. If the category with the most frequency is used as the prediction, 
there is still a 33% chance that the minority will be observed, resulting in 
misclassification. Therefore, the best separation is the criterion used in each step of the 
development of the decision tree models. This is consistent with the cross-validation 
coefficient as model selection criterion in the last section since the primary job for both 
linear models and decision tree models is to make predictions for new projects. 
 
The idea of the decision tree method is to select a variable from the candidate set of 
project attributes so that the separation of projects in terms of project change level is the 
best among all candidate attributes. Better separation means a higher chance of predicting 
the right category because the majority level is used as the predicted change level. 
 
The decision tree model handles the missing values very well. No extra step is required to 
either remove missing cases or impute the missing variables. This makes the decision tree 
models less complicated to develop than linear models. The computation and data 
visualization are done using “cart” package (Therneau and Atkinson, 1997). 
 
In the actual model development, the data usually will be more complicated than the 
example given here. Rarely can a variable achieve perfect separation in early steps. 
Generating a global optimal decision tree is computationally intense. The “cart” package 
uses a greedy method. The variable with the best separation in each step will be selected, 
and the remaining variables stay in the candidate variable set for the next split. Such 
process continues until no further significant improvement can be achieved or the 
decision tree reaches its maximum size. 
 
6.3.2 Model Summary 
 
This section summarizes the classification trees generated for total project change %, 
design change % and construction change %. Figure 6.7 illustrates the relationship among 
decision tree size, complexity parameter (cp) and cross-validation error. The tree size 
represents the number of leaf nodes in a decision tree. A leaf node of a decision tree is 
defined to be the node that has no descendent (e.g. the decision tree in Figure 6.8 has 11 
leaf nodes). There is a one to one correspondence between tree size and complexity 
parameter. They are plotted on the horizontal axis. The cross-validation error is plotted 
on the vertical axis. 
 
Several methods exist in choosing the complexity parameter and therefore the tree size. 
This study selects the complexity parameter so that the minimum cross-validation error is 
achieved. This method in general provides a more complex and potentially overfitted 
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model. But it helps explore the structure of the change data set and the new data 
validation results support this decision. 
 

 
Figure 6.7 Complexity parameter vs. decision tree size (total project change % 

model) 
 

 
Figure 6.8 Decision tree model for total project change % 

 
The final decision tree model for total project change % is shown in Figure 6.8. There are 
two types of nodes: decision nodes and leaf nodes. In the decision nodes, the decision 
(question) is shown on the top and the distribution of the change data at that node is 
shown on the bottom. If the answer to the question is affirmative, the left node should be 
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examined. If the answer is negative, the right node should be examined. The positive 
integers in the decision nodes that involve categorical variables correspond to the levels 
of the variables, and can be found in Table 5.1. In the leaf nodes, there are no more 
decisions to be made. The final data distribution at that node is shown with the majority 
level listed as the predicted level if a project reaches that leaf. 
 
Figure 6.9 and 6.10 illustrate the development of design change % model. Figure 6.11 
and 6.12 illustrate the development of construction change % model. They can be 
interpreted the same way as the total project change model. 
 

 
Figure 6.9 Complexity parameter vs. decision tree size (design change % model) 

 

 
Figure 6.10 Decision tree model for design change % 
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Figure 6.11 Complexity parameter vs. decision tree size (construction change % 

model) 
 

 
Figure 6.12 Decision tree model for construction change % 

 
Table 6.5 summarizes the key statistics and findings from the development of three 
decision tree models. K-means split is the thresholds generated by clustering method for 
categorizing numerical change values into low, medium and high change levels. For total 
project change %, the projects with less than 1% change are labeled “low”. Projects with 
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interpreted in the same way. Training data size is the sample size for building the 
classification tree. The last column lists the key variables for each model. They are listed 
in order from the most important to the least important. 
 

Table 6.5 Decision tree models development summary 

 K-means 
split 

Training data 
size Key variables in the model (in order) 

Total project 
change % 0.01, 0.1 461 

Total project budget %, project complexity, 
industry group, design budget %, construction 

contingency %, project nature, total project 
contingency %, fast-tracking, construction budget 

%, project delivery method 
    

Design change % 0.06, 0.5 106 

Design budget %, procurement contingency %, 
procurement budget %, industry group, total 

project contingency %, total project budget %, 
fast-tracking, design contingency %, project 

complexity 
    

Construction 
change % 0.03, 0.16 104 

Total project budget %, construction budget %, 
industry group, project complexity, total labor-

hours, fast-tracking, project nature, procurement 
budget %, total project contingency %, total 

project baseline duration, project delivery method 
 
The key variables for each model are also the variables that are used as the decision 
nodes close to the root of the tree. Those nodes decide the shape of the tree and filter a 
new project into various subtrees. These variables need special attention for better change 
management. 
 
6.3.3 Model Validation 
 
Similar to the development of the linear models, the decision tree models are validated by 
the same set of new data containing 21 projects that were not used in model training. The 
validation results of all three models are shown in Table 6.6. For each mode, the true 
change levels are listed on the left side. The predicted change levels are listed on the right 
side. The model performance is measured by accuracy which is defined to be the ratio of 
number of correctly classified projects and the total number of projects. The accuracy for 
each model is listed at the bottom. It takes value between 0 and 100%. Higher accuracy 
implies a better predictive model. 
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Table 6.6 Validation results for decision tree models 
Total project change % model Design change % model Construction change % model 
Actual change 

% 
Predicted 
change % 

Actual change 
% 

Predicted 
change % 

Actual change 
% 

Predicted 
change % 

Medium Medium Low Low Medium Medium 
High High High Medium Low Low 
High High Medium Medium Medium Low 
Low Medium Low Low Low Low 

Medium High Low Low Medium Medium 
Medium Medium High Medium Low Low 
Medium Medium Medium Medium Medium Medium 
Medium Medium Low Low Low Medium 

High High Medium Medium Medium Medium 
High High High Low Medium Medium 

Medium Medium Medium Medium Medium Medium 
High High Medium Medium Medium Medium 

Medium Medium Medium Medium Medium Medium 
Medium Medium Low Low Medium Medium 
Medium Medium Low Medium Medium Medium 

High High High Medium Medium Medium 
High High High Medium High Medium 
High Medium High Low Low Medium 
Low Medium Low Low Low Low 
Low Medium Low Low Low Low 
Low Medium Low Low Low Low 

Accuracy: 71.4% (15 out of 21) Accuracy: 66.7% (14 out of 21) Accuracy: 81% (17 out of 21) 
 
6.3.4 Discussion and Practical Implications 
 
From the validation results, all three models are able to correctly predict over two thirds 
of the new data. The best model is the construction change % model that correctly 
predicted 17 out of 21 projects. The total project change % model is the second best that 
correctly predicted 15 out of 21 projects. A problem that is noticed here is that the 
decision tree models tend to promote the majority groups and demote the minority 
groups. For example, in total project change % model, there are only four “low” change 
projects compared to a combined of 17 “medium” and “high” change projects. The model 
demotes the “low” level and does not predict any of the projects with true “low” change 
to have low change level. The same situation happens for construction change % model 
where the “high” change projects are the minority. But given the small number of 
predictors used in these models, such results are encouraging. With limited project 
change predictive models existing in the industry, these models serve as a good starting 
point for future development. 
 
6.4 Summary 
This study analyzes the interactive effects of project factors on project change metrics 
and develops a multivariate change predictive tool. This chapter summarizes the analyses 
and presents the findings. 
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The tool developed in this study can be used in early project stages to forecast the 
quantitative change amount and qualitative change level on a project. It contains two 
components: three linear models for predicting quantitative change amount for total 
project change %, design change % and construction change %; and three decision tree 
models for predicting qualitative change level. Better predictive power is used as a 
criterion to selected models in that regard. 
 
For linear models, missing values were treated in a special way to simulate the real world 
randomness for cross-validation. In the decision tree models, missing data were left in the 
training data and no actions were taken. This change predictive tool will be an important 
component of the proactive change management model developed in this study. This 
model will be summarized in the next chapter. 
 
Both linear models and classification tree models provide reasonable predictive power. 
But some limitations are also noticed in the model development. Due to regression effect, 
the linear models tend to neutralize the predicted values, i.e. the predicted change values 
have a smaller variation than the actual change values. The classification tree models are 
likely to be dominated by the majority groups and the minority groups are likely to be 
ignored. But given the small number of predictors used in these models, such results are 
encouraging. With limited project change predictive models existing in the industry, 
these models serve as a good starting point for future research. 
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Chapter 7 Conclusions and Recommendations 
 
 
This chapter summarizes the findings and contributions of this research. It presents 
recommendations to the industry practitioners and researchers. It also discusses 
limitations and future research needs. These will be described separately in the following 
three sections. 
 
7.1 Conclusions and Contributions 
Project change is common in construction industry. From the large set of projects in this 
study, the average project change is 8.45% of the baseline budget. On average, the project 
design phase incurs more change (25.71%) than the project construction phase (6.95%) 
partly because construction phase often has a larger baseline budget. There is a positive 
correlation (0.253) between design change and construction change. Because of the 
nature of the design-construction workflow, it is concluded that a project with high 
design change will likely to experience high construction change. On a fast-track project 
with heavy design-construction overlap, the design change could negate the finished 
construction work, causing rework and possibly loss of productivity. On a project with no 
design construction overlap, the design change could still disrupt the on-going 
mobilization for construction, leaving hidden problems even with accommodations for 
the new design. 
 
Change is one of the primary reasons for schedule delay and cost overrun, which create 
negative impact on project performance. The liability of change and its consequences are 
a major source of disagreements between project parties, which often lead to disputes or 
claims. This study quantitatively confirms the widely accepted fact that change often 
leads to cost overrun and schedule delay. There is a significant positive correlation 
(0.345) between total project change and total project cost inefficiency. The correlations 
between construction change and construction cost inefficiency (0.275), and between 
total project change and construction cost inefficiency (0.527) are significant. All the 
other correlations are positive though not statistically significant. This study identifies 
that design change significantly affects schedule delay, with a correlation 0.327. Total 
project change is also positively correlated with schedule delay although the correlation is 
insignificant. 
 
This study analyzes various project factors and their impact on project change as one 
component of the proactive change management model for benchmarking and estimation. 
D-B is a better option to minimize overall project change than D-B-B and CM at-risk 
even though D-B-B rivals D-B in terms of design change performance. D-B project’s 
advantage in project coordination and communication outshines the other delivery 
methods when considering the entire project.  
 
Interestingly, heavy industry projects appear to be quite successful in controlling project 
cost change with the lowest median (3.1% total project change) and average (6.6% total 
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project change) among all industry groups given the complexity of the work and heavy 
usage of the specialized material and machinery. On the hand, light industry projects 
have the worst median (6.8% total project change) and infrastructure projects have the 
worst average (11% total project change). No significant difference can be found between 
greenfield projects and brownfield projects. Greenfield projects perform slightly better 
and more brownfield projects had extremely high change. The difference between fast-
track levels is minimal with heavy and none fast-tracking perform slightly better than 
moderate fast-tracking. The difference could be due to random noise and does not have 
significant practical implications. 
 
This study also analyzes the interactive effect of project factors on project change and 
develops a multivariate change predictive tool as the other component of the proactive 
change management model for change prediction. This tool can be used in early project 
stages to forecast the potential change amount or change level. It mainly contains two 
parts: 1. three linear models for predicting quantitative change amount for total project 
change %, design change % and construction change %; and 2. three decision tree models 
for predicting qualitative change level. Predictive power is used as a model selection 
criterion. For the linear models, missing values are treated in a special way to simulate 
the real world randomness so that a special form of cross-validation can be achieved. A 
new set of project data is used to test the tool and illustrate its applications. Both linear 
models and decision tree models provide reasonable predictive power. For linear models, 
the correlations between true values and predicted values are over 0.4 and as high as 
0.586. For decision tree models, the accuracy rates are over 66.7% and as high as 81%. 
These results are encouraging given the small number of predictors used, and these 
models serve as a good starting point for future development in this area. 
 
The primary contribution of this study to the existing body of knowledge is the 
development of the proactive change management model. All the findings and 
developments summarized here serve as parts of the model. Of them, the analyses on 
project attributes and the development of the change predictive tool are two core 
components in the model. This model provides industry professionals with deep insights 
of several aspects of project change. It helps them predict potential change on their 
projects and benchmark their change performance against a large set of projects. It 
improves the stakeholders’ ability to manage project change and its consequent effects. 
With better change management, the cost effectiveness of the construction industry will 
be improved. 
 
7.2 Recommendations 
Project change management and control is essential in managing a construction project. 
The industry averages 8.45% project cost change, which contributes to an average of 
12.13% cost inefficiency for projects that failed to meet their budget requirement. In 
addition, it also leads to an average of 10% schedule delay. To improve the cost 
efficiency of the industry, change management should be recognized and practiced 
carefully and wisely by the project management team. 
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It is always better to identify the error and correct it sooner than later. This applies to 
project change management. This study recommends that proactive change management 
should be taken seriously in the project planning and design phase. In addition, a change 
decision-making process should be directed towards minimizing project change. Project 
planning is a complicated decision-making process involving the interest of all project 
stakeholders. During that process, multiple key decisions are made that have significant 
impact on the future development of the project. Proactive change management standards 
should be considered as a criterion so that project planning can be directed towards 
minimizing or avoiding potential project change. 
 
This study recommends the use of the proactive change management model to improve 
proactive change management ability. Industry professionals should read the change 
analyses to get insights of project change and its possible effects. Both statistically 
significant findings and insignificant findings provide valuable information when key 
decisions are being made. Project teams should consider using this model to predict the 
change amount or benchmark their projects against the industry performance. This helps 
project stakeholders’ make decisions to better manage and control project change. 
 
The power of the proactive change management model developed in this study is 
somewhat diminished by the incompleteness of the research data set. The author believes 
that with better data quality, a more powerful and reliable change model can be 
developed. More features can be added in to further enhance the proactive change 
management practice. With the belief that the trend of big data will digitize the world and 
shape our daily work, companies and organizations in the construction industry should 
start to mine their project data to support decision-making and improve cost efficiency. 
The first step towards that is to keep good track of their projects and build a reliable 
project database. 
 
7.3 Limitations and Future Research 
Due to missing data, this data analysis is based on a strong “coarsening at random” 
assumption which means the missing data are missing at random with no correlation. 
This assumption allows most of the data analysis to be carried out without further data 
processing and pattern detection. Most coarsening at random assumptions are false in 
practice. However, assumptions that are only mildly-violated are a good way to simplify 
the analysis. Use of such an assumption in this study is checked in several places during 
this study. For example, the subset values of change metrics are plotted against the entire 
sample and the subset values follow the same distribution of the population. In addition, 
given the fact that this work is primarily targeting industry professionals, no further data 
processing is conducted. Future research can further examine the reliability of this 
missing at random assumption and improve the model with better data processing. 
 
Because of the difficulty of collecting data from construction industry, this study uses a 
proprietary database. That database contains a fairly large number of missing values. As 
mentioned in the previous section, the power of the proactive change management model 
developed is somewhat diminished by the incompleteness of the research data. This could 
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also be the reason why little research has been conducted in the area of proactive change 
analysis. As the industry evolves, more and better quality project data will be collected. 
Future research can study project change from a more refined scope such as D-B projects 
with fixed-price contract type. This makes the model more pertinent to a specific user 
with a specific project, and therefore improves the usability. This could also potentially 
improve the model accuracy since more relevant project data are used to derive the 
model. 
 
Both linear models and classification tree models developed in this study are validated by 
a new, separate set of project data. Even though the models are tested to have reasonable 
predictive power and accuracy, some issues are found that will probably limit their 
practical applications. Linear models tend to neutralize the predictions, making the 
predicted change values having a smaller variation than the actual change values. On the 
other hand, classification tree models are likely to be dominated by one or more majority 
groups and ignore the minorities. Construction projects are complicated and dynamic 
events. Given the small number of predictors used in these models and limited research 
data, these limitations are anticipated. With more project data, future research can start 
from this work and develop more accurate and robust predictive models with good 
generalization ability that can overcome the limitations of this model. 
 
Some other research opportunities include studying other change measures such as labor-
hours and time requirement of a change order. As mentioned in the previous chapters, 
project change can be measured in many different ways. Because of the data availability 
issue, this study uses the cost measure, i.e. the extra work required to carry out the project 
change measured in dollar values. Project change management in a different context such 
as labor-hour change and schedule change can be valuable for project practitioners with 
such needs. Future research can investigate these change metrics. In addition, some of the 
predictive tools developed in this study are presented in formula and text explanation 
format. Better visualization tools can be used to present the model in a way that is more 
accepted by the industry professionals. The important variables in the model can also be 
visualized (such as the importance rank). Future research can look into this aspect. 
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