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GLOSSARY 

Terms frequently used 
in this dissertation 

Description 

Average Similarity 
Distance (ASD) 

A variable used to describe the average similarity distance between 
projects bundled in a contract. 

Average Similarity 
Factor (ASF) 

A variable used to describe the average similarity between projects 
bundled in a contract. ASF=1-ASD 

Adjusted Project Cost Project cost plus rescheduling cost 
Adjusted Contract Cost Contract cost plus rescheduling cost 
Bundled Project Project that is delivered through multiple-projects contract 
Bundled Contract Contract containing multiple projects 
Nr of Bundled Project 
(NBP)/ Bundle Size 

The number of projects bundled in a contract 

Bidder Contractor who submitted a bid for a contract 
Bidding Price The price provided by a contractor who bids for the contract 
Bundling Combinations The combinations of work categories/project types in a contract 

bundle 
Bundling Plan/Strategy A plan/strategy of how projects are bundled in terms of bundle 

size, project combinations and scheduling 
Bundling Criteria Criteria of generating bundling plans/strategies 
Bundle Size Threshold Bundle size value at which the relationship between the bundle size 

and a certain CPM reverses. 
Contract Award/ Cost The dollar amount at which a contract is awarded to a contractor 
Contract Duration Duration (number of days) from the date of notice to proceed a 

contract to the date of last day of contract work 
Cost Overrun The difference between the contract award and the actual contract 

completion cost 
Cost Overrun 
Probability (COP) 

Probability that the contract final cost will exceed its planned cost 

Contract-level model Models developed using data where each observation is a contract 
which might contain multiple projects. 

Kin Project Non-lead projects in a bundled contract  
Letting Date The date by which bids on a highway construction project are 

opened. 
Lead Project The largest and most expensive project in a multiple-project 

contract  
Low Bid Price The lowest bid price among all the submitted bids. 
MOT Cost Maintenance-of-traffic cost 
MOT Cost Ratio Ratio of MOT cost to project cost 
Nr of Bidders/Bids The number of bids submitted for a contract 
Nr Different Work 
Categories 

The number of different work categories in a contract bundle 
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Nr Different Project 
Types  

The number of different project types in a contract bundle 

Overall Cost (OC) Total adjusted contract cost yield using a bundling plan 
Project Award The dollar amount at which a project is awarded to a contractor 
Project Bundling The practice of grouping multiple projects into one contract 
Project Type Group of projects based on work type (e.g., B1-New Bridge, R2-

Added Travel Lanes) 
Project-level model Models developed using data where each observation is a project. 
Project Duration Number of days from the first day of construction work to the date 

of project completion  
Probability of Low 
Competition (PLC) 

Probability that a contract has only one or two bidders. 

Rescheduling Cost Additional cost caused by delaying or hastening a project for the 
purpose of bundling 

Stand-alone Project Project that is delivered through single project contract 
Single Project Contract Contract containing only one project 
Similarity Distance (SD) A metric developed to measure the similarity between each pair of 

two project types. A smaller SD value indicates a higher similarity 
between two project types. 

Searching Stage The searching process for establishing a contract in the proposed 
greedy algorithm. 

Searching Step A searching process for adding a kin project to a contract in the 
proposed greedy algorithm. 

Stopping Threshold 
(ST) 

A threshold used in the proposed greedy algorithm. A searching 
stage stops when the MCSP is less than the ST. 

Time Overrun Number of days between the planned project duration and the 
actual project completion duration 

Time Overrun 
Probability (TOP) 

Probability that the actual completion date of a contract will be 
later than its planned date   

Winning-bid Price The bid price submitted by the contractor who won the contract 
(often the lowest bidding price); the winning-bid price is equal to 
the contract award. 

Winning-bid Ratio The ratio of winning-bidding price to engineering estimated cost 
Work Category Group of Projects based on asset type (e.g., Bridge Road, Traffic, 

Small Structure, Miscellaneous, Utility) 
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The practice of project bundling, which involves combining multiple projects into a single multi-

project contract, is in increased use at infrastructure agencies. Researchers have shown that this 

practice potentially reduces project cost but could cause undesirable consequences such as reduced 

market competition. For this reason, bundling policy needs to be guided by a determination of 

whether specific projects should be bundled, the bundling strategy in terms of bundle size, 

bundling combinations, geographical locations, and project scheduling, and the resulting outcome 

of each strategy in the terms of contract performance (overall cost and time duration, and cost and 

time overrun). Practitioners seeking answers to these questions continue to be stymied by the lack 

of quantified relationships between bundling alternatives and the resulting contract performance. 

This dissertation addresses these questions by analyzing empirical data including the costs 

and durations of highway contracts and projects over a ten-year period. Using a variety of modeling 

approaches, the dissertation developed models to quantify the effects of bundling-related factors 

on the key contract performance measures (CPMs). The bundling related factors are contract size, 

bundle size, project combinations, project similarity and spatial proximity between bundled 

projects, and the CPMs are project cost and time performance, market competition, and the risks 

of cost overrun and project delay. Through the modeling process, the dissertation measured the 

effects of project similarity, economies of scale, economies of bundling, and economies of 

competition on bundling, and developed a novel technique to measure similarities between projects. 

Using the developed models, the dissertation then established an optimization framework to 

identify cost-effective bundling strategies. A greedy approach that minimizes the overall cost in a 

polynomial time was proposed to obtain heuristic solutions. The outcomes of this dissertation are 

twofold: first, it provides highway agencies with a quick, convenient and robust tool to design 

long-term cost-effective bundling strategies for any given pool of candidate projects; secondly, it 

provides guidelines and directions for future bundling policy formulation or evaluation.  
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 INTRODUCTION 

1.1 Background 

Highway infrastructure has been recognized as one of the most important engines for economic 

growth (World Bank, 1994) as a reliable infrastructure system strengthens the nation's economy, 

enhances public safety and improves the quality of life.  However, an increasing number of 

infrastructure assets in the U.S. are in urgent need of repair or replacement. The ever-rising cost 

of projects and difficulties in securing financing are significant obstacles in improving the highway 

infrastructure system. The strategy to bundle projects into large contracts has been identified as an 

efficient way to reduce costs and create a more cost-effective contract delivery process.  

The concept of project bundling – combining assets into a single product – is gaining 

momentum. Projects can be delivered under a one-project-per-contract basis, or as multiple 

projects in one contract. The growing tendency toward the latter is emphasized by the increasing 

realization of the benefit of project bundling in terms of cost savings (Xiong et al., 2017). As such, 

highway agencies are looking for solutions in determining the feasibility and effectiveness of 

bundling multiple projects into a large contract.  

The FAST Act Added a “Bundling of Bridge Projects” provision as 23 U.S.C. 144(j), in which 

bundling was encouraged to “save costs and time by encouraging States to bundle multiple bridge 

projects as 1 project” (U.S. House of Representatives, 2015). The Congressional Budget Office 

(2012) cited the increased possibility of project bundling as one of the advantages of the private 

provision of highways; by bundling the tasks that would otherwise be performed by separate 

entities under the traditional approach, the private sector may help reduce the total cost of the 

project.  

The motivation for this dissertation to investigate and quantify the expected benefit and 

potential issues of bundling projects is inspired by highway agencys’ goal to deliver projects in a 

cost-effective manner. Although project bundling has been identified by past studies to be 

influential to project cost, duration and bidding competition, the question of by what degree the 

cost, duration and competition as well as the uncertainties associated with these metrics are 

affected by a bundling strategy has been rarely investigated. This dissertation therefore aims at 

quantifying the potential benefits and issues associated with different project bundling strategies 
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using various statistical models and data-driven approaches (such as clustering analysis, regression 

analysis, binary/ordinal logistics model, survival models, and Monto Carlo simulations). 

Fortunately, project cost data needed for developing these models are available in the contract 

databases of highway agencies. 

1.2 Problem Statements and Research Objective 

On the basis of the research background discussed above, this dissertation seeks to quantify, for 

different types of highway projects, the impacts of project bundling on a number of contract 

performance measures: project cost, duration, bidding competition and the uncertainties associated 

with these metrics, namely, cost overrun risk, schedule delay risk, and winning-bid ratio).  

Through quantitative analysis, this dissertation seeks to investigate the following 

hypotheses regarding project bundling: (1) Can bundling efficiently reduce project delivery costs? 

(2) Does project cost decrease or increase as the bundle size (number of bundled projects) increase? 

(3) Does bundling projects that are compatible/similar or the projects in close geographical 

proximity can enhance the benefits of bundling? (4) Does bundling generally enhances the 

efficiency of traffic of maintenance work? (5) Can bundling generally reduce the bidding 

competition? (6) Can bundling reduce overall project and contract durations? (7) Does bundling 

have any positive or negative impact on the risks of project cost overrun and project delay? (8) 

Does bundling effects vary significantly across different work categories and different project 

types? (9) Do the consequences of different bundling strategies differ significantly?  

The ultimate goal of this dissertation is to develop a systematic and comprehensive 

framework that helps the highway agency develop long-term cost-effective bundling strategies 

which maximize the benefits of bundling and minimize the contractual risks associated with 

bundling. 

1.3 Research Scope 

This dissertation covers project types in six work categories: Bridge, Road, Traffic, Miscellaneous, 

Small-structure and Utility. These categories are based on the practice in the state of Indiana from 

Year 2008 to Year 2018. The dissertation discusses specific potential benefits and issues associated 

with project bundling using data driven approaches. The first part of this dissertation focusses on 
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developing statistical models to quantify the impacts of bundling-related factors on several 

highway contract performance measures. The measures are: project cost and the cost savings (the 

difference between cost of bundled and stand-alone projects), maintenance of traffic (MOT) cost, 

bidding market competition, project and contract duration, time overrun, and cost overrun risks. 

Based on the developed statistical models, the second part of this dissertation carried out bundling 

scenario analysis to evaluate the consequences of several standard bundling criteria. Then, a 

bundling optimization framework was provided to identify ‘optimal’ bundling strategy.  

1.4 Dissertation Structure 

Figure 1.1 presents the research framework. The dissertation starts with a descriptions of the study 

dataset and preliminary analysis, and an evaluation of past bundling practices and strategies. A 

project bundling strategy can be evaluated in terms of several critical bundling factors including 

contract size (cost) and bundle size (number of bundled project), combinations of bundled work 

type, project compatibility (i.e., similarity between projects’ pay items), spatial proximity (i.e., if 

projects are bundled along the same corridor and bundled within the same county), and temporal 

proximity (closeness of the intended letting dates). Of these variables, project similarity is most 

difficult to be measured and quantified. Therefore, in one of its contributions, this dissertation 

developed a standard metric which measures the similarity between different project types and the 

average similarity for a bundled contract. The dissertation then develops various statistical models 

to quantify the effects of these bundling-related variables on several key contract performance 

measures (including competition, project cost and duration, and the risks of cost overrun and time 

delay). Finally, the developed statistical models were incorporated into a comprehensive and 

systematic framework for evaluating the consequences of different bundling plans and for 

identifying an “optimal” bundling strategy. A greedy approach was proposed to provide an 

approximation on the optimal bundling solution in a reasonable amount of computational time. 
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Figure 1.1 Flow Chart of Research Framework 

 

This dissertation is organized into twelve chapters. Chapter 1 presents the problem statement, 

objectives, and the scope of the dissertation. Chapter 2 contains a synthesis of bundling 

methodologies that have been used by several states and localities and a comprehensive literature 

review of past empirical studies on different contract performance measures. Chapter 3 describes 

the data on past contract work completed in a state in the USA (as a case study) and provides 

statistics and distribution plots for variables that are considered in the dissertation. In Chapter 4, 

the past practices of project bundling in the State of Indiana were investigated and summarized in 

terms of the observed bundling combinations.  
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Chapter 5 proposes a method to quantify the similarity between different project types based 

on their pay items and established a similarity/similarity distance matrix that can be used to 

measure the similarity between each pair of project types. Chapter 6 investigates the impact of 

project bundling on market competition. The first part of the chapter developed models that 

quantify the relationship between the number of bidders and the contract bundle size. The second 

part of the chapter developed models for predicting bidding competition based on bundling-related 

factors and other variables available at the contract award phase. Ordinal logistic models with 

random effects were used to capture the temporal effects on market condition.  

Chapter 7 quantifies the impacts of bundling on the total project cost using: (a) average unit 

cost comparison; (b) corridor analysis and (c) multivariate regression analysis. Statistical models 

were developed for project cost to account for the economies of scale, bundling and competition, 

and several other key factors. Sensitivity and threshold analysis was carried out to identify the cost 

trend under increasing bundle size and the existence of an “optimal” bundle size thresholds. 

Together with the bids models developed in Chapter 6, this chapter also quantified the bundling 

effects on project cost under “optimistic” bidding competition and under market uncertainties.  

In Chapter 8, the dissertation examines how the project MOT cost is influenced by bundling. 

This was done by: (a) analyzing average MOT cost ratio along a corridor (b) deterministic 

regression analysis and (c) probabilistic modeling. Chapter 9 analyzes the effects of bundling-

related factors on project and contract durations using survival analysis with both non-parametric 

and parametric methods. Chapter 10 develops models for predicting the project cost/time overrun 

risk. A binary logit modeling approach was used to estimate how likely a project will experience 

cost or time overrun, and ordinal logistic models and survival regression models were developed 

to estimate the cost/time overrun severity.  

In Chapter 11, the outcomes of using different bundling strategies, in terms of the contract 

performance measures, are evaluated using the statistical models developed in the previous 

chapters. The chapter presents an optimization framework for identifying ‘optimal’ bundling 

strategies, and proposes a greedy approach to determine approximately an optimal bundling 

solutions in a reasonable amount of computational time.  

Chapter 12 provides an overview of this dissertation; answered questions about the bundling-

related hypothesis stated in the dissertation’s problem statement, and summarized the bundling 

effects on different contract performance measures. This chapter also provides a list of overall 
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strategic practical implication of project bundling; and finally, discusses the dissertation’s 

contributions and limitations, and future work related to project bundling.  
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 REVIEW OF LITERATURE 

2.1 Project Bundling 

2.1.1 Expected Benefits and Potential Issues with Project Bundling 

In an AASHTO survey on the strategies and methods to address increasing highway construction 

costs and reduction in competition, a method based on bundling small projects or splitting large 

projects was ranked in the top 10 most effective strategies to reduce construction costs (Sanderson, 

2006). The most visible benefit of project bundling is the attainment of economies of scale, which 

translates into a reduction in overall cost of program delivery (Xiong et al., 2017; Qiao et al., 2018a; 

2018b). Damnjanovic et al. (2009) stated that the possible benefits of bundling include the 

reduction of the ratio of fixed cost to overall cost, ultimately resulting in reduced did price. Using 

data and anecdotal evidence on public private partnerships in United Kingdom and Germany, 

Frank and Merna (2003) noted that some individual projects are commercially viable as stand-

alone projects while others are not, and that bundling projects together may cause an overall 

portfolio of projects to meet a the minimum acceptable rate of return (MARR) and deemed 

financially viable 

In addition, project bundling can enhance the cost efficiency of the maintenance of traffic 

activities during construction. For individual projects located along a corridor, a coordinated 

bundled contract made up of these projects may reduce the total length of workzone durations, 

compared with individual contracts for each project that would lead to separate road use 

restrictions at different times for the different projects (Xiong et al., 2017). The reduction in 

workzone duration would not only accrue benefits to the agency by reducing bid amount and risk 

of injury/fatality associated with construction but also benefit the road users and neighborhoods in 

terms of fewer traffic interruptions that increase the overall travel time, and reduced environmental 

degradation such as air and noise pollution caused by construction activities.  

Also, it has been hypothesized (Bordat et al., 2003; Ong et al, 2012) that bundling of 

projects could potentially reduce the overall duration of construction projects, particularly where 

the bundled projects are in the same vicinity and work types are similar (Qiao et al., 2019a). If true, 

this could be attributed to the contractor’s greater flexibility, ostensibly, to move resources 

(materials, equipment, and manpower) across the different project sites in a manner that potentially 
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minimizes waste and saves time overall. For example, Missouri DOT grouped three highway 

projects into a multiple-project contract which was completed a month ahead of schedule, $2.4 

million under budget, and with minimal interruptions to the road users (AASHTO, 2012).  

Although project bundling has been proven to be an efficient way to reduce project cost, it 

does not mean that the unit project cost will always decrease as more and more projects are bundled 

together. In other words, bundling multiple projects into one large contract may offer contractors 

economies of scale in their operations, but could also lead to lower market competition, because 

the contract might be too large for some small companies. This issue has been examined by 

researchers such as Estache and Iimi (2008; 2011), who argued that the benefits of project bundling 

were earned at the expense of market competition. These researchers stated that bundling of 

infrastructure projects could lead to severe limitations in market competition, due to larger contract 

sizes that deter the entry of small and mid-size contractors into the bidding market. Thousands of 

small businesses lose federal contracts every year because government agencies bundle contracts 

into larger packages and award them to larger businesses. (Lubbock Avalanche Journal, 2000). 

Furthermore, lower market competition generally causes higher bid prices. To obtain an efficient 

bundling strategy that can satisfy the need to balance competitive bidding in procurement while 

reducing costs to the agency, a more quantitative assessment of the effectiveness of bundling or 

unbundling strategies is needed. This can be done by analyzing previous bids submitted on projects 

versus their contract sizes. This dissertation not only identifies those project types can benefit from 

bundling, but also seeks the “optimal” contract size beyond which the constituent project might no 

longer benefit from bundling. 

In addition to its impact on market competition, there are also other potential issues and 

contractual risks associated with bundling. For example, a contractor who wins a large contract 

containing several projects (particularly those of very different work types) might be less capable 

or qualified to meet the projects’ quality requirements, and ultimately yield a poor quality of work. 

Also, for both the agency and a contractor, the difficulty of making accurate and consistent cost 

estimation is higher when more projects are bundled. This can lead to higher chances of 

committing an error in the bidding process. Besides, the complexity of a contract increase as more 

projects are bundled together. Such high complexity, typically, is accompanied by higher 

uncertainties during construction period. Therefore, a higher bundle size might potentially be 
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associated with higher contractual risks in terms of contractual performance measures including 

change orders, cost-overruns and schedule delays.  

Therefore, bundling should be considered carefully in terms of its impacts on not only 

project cost, duration and bidding competition but also the uncertainties associated with cost (cost 

overrun), duration (schedule delay) and competition (i.e., bids ratio). This dissertation (a) 

quantifies the effects of bundling on each of these contract performances using statistical 

approaches, (b) estimates the possible consequences from different bundling strategies and (c) 

provides a framework for identifying bundling strategies that minimizes the overall project cost 

while meeting other contract performance requirements. 

2.1.2 Elements of Project Bundling Policies 

A bundling strategy determines whether projects should be bundled and how projects are bundled 

in terms of bundle size, project combinations, geographical locations, and project scheduling. The 

several elements of bundling policies are discussed below. 

2.1.2.1 To Bundle or Not to Bundle 

In developing a bundling policy, there are several critical considerations. The first is whether or 

not to bundle the projects. Although various benefits can be obtained through project bundling, 

such as cost-savings through economies of scale, more cost-effective maintenance of traffic (Xiong 

et al., 2017; Frank & Merna, 2003), and the potential to reduce overall project duration (Bordat et 

al., 2003), there are also some potential contractual risks associated with bundling as discussed 

above.  

In certain circumstances, an unbundling policy that breaks up a large contract into several 

standalone contracts or splits one large project into several small projects could be a superior 

alternative to project bundling. For example, bundling projects might not be appropriate when a 

great deal of heterogeneity exists in potential bidders (Estache and Iimi, 2008; 2011) and in cases 

where entry costs are high to newer and smaller contractors (Chakraborty, 2006). When there are 

only a few large competitors in the market able to take on a large project, by splitting the large 

project into several medium-size projects, a larger pool of contractors would be attracted to bid. In 

addition, bundling might be beneficial for some project types, but not for the others.  
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The decision of whether or not to bundle should also dependent on the type of project. Past 

studies fail to provide evidence on how the bundling effects differ across different project types; 

this is analyzed and discussed in this dissertation. This research not only determines project types 

that can benefit from bundling but also identifies the bundle size beyond which project might no 

longer benefit from bundling. 

2.1.2.2 Bundle Size 

Once a bundling decision is made, it needs to be determined how many projects should be bundled, 

i.e., what the appropriate bundle size should be. Although project bundling has been proven to be 

an efficient way to reduce project cost, it does not mean that the project unit cost will always 

decrease as more and more projects are bundled together. In other words, even though bundling 

multiple projects into one large contract may offer benefits associated with economies of scale, it 

could also lead to lower market competition which in turn results in higher bid prices. In addition, 

excessively large bundle size might result in other undesirable consequences such as increasing 

the risks of cost and time overrun, as discussed in a previous section of this chapter. An important 

subject to investigate, therefore, is what is the “optimal” bundle size for a contract. In this 

dissertation, threshold analyses is carried out to help highway agencies identify appropriate bundle 

size for different project types.  

2.1.2.3 Bundling Composition 

Another bundling consideration is how to select projects from the potential candidates, or how to 

identify the bundling combination that yields the highest benefits. Such selection can be influenced 

by the similarity, the spatial proximity, or the temporal closeness of the scheduled letting dates of 

the candidate projects. Project similarity is an important consideration in project bundling. Projects 

that involve similar materials and resources can be considered similar or compatible, and thus are 

prime candidates for simultaneous delivery through project bundling. For example, New Bridge 

and Bridge Replacement can be considered as similar project types, while Bridge Deck Overlay 

and Thin Deck Overlay might be more similar to each other compared to other project types. The 

cost of a bundled project can be also affected by spatial proximity: multiple projects in the same 

corridor are generally expected to benefit from project bundling, because it offers contractors 

greater flexibility to move and coordinate resources around the work locations (Xiong et al., 2017). 
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In addition, it maybe inappropriate to bundle projects if the original scheduled letting dates of these 

projects are too far apart from each other. For the lagging project, starting the project earlier might 

not be cost-effective; for the leading project, delaying a project beyond its original letting date may 

lead to unacceptable deterioration of asset condition and/or cause unacceptably higher project cost 

and/or user costs (Irfan, 2009; Qiao et al., 2016a; 2016b; 2017). 

  To obtain an efficient bundling strategy that can satisfy the need to balance competitive 

bidding in procurement, while maximizing the cost savings to the agency, a more quantitative 

assessment of the effectiveness of bundling or unbundling strategies is needed. This dissertation 

provided a systematic framework which incorporates all the bundling composition discussed above 

into the process of making bundling decisions. 

2.1.3 State Practices in Transportation Project Bundling 

2.1.3.1 Examples of Successful Project Bundling 

In the survey by McCarthy et al. (2011), nearly half of the surveyed states reported that they had 

adopted the practice of project bundling in their construction projects. The practice of project 

bundling has been carried out at several state agencies, including Oregon DOT, Missouri DOT, 

Pennsylvania DOT, Minnesota DOT, North Dakota DOT and New York DOT. The Oregon 

Department of Transportation (ODOT) reported that an effective project delivery method was the 

ability to “bundle” multiple projects under a broader environmental document (McCarty et al., 

2011). For example, ODOT had successfully bundled the following projects: 

• Multiple Project 508. This $43 million design-build highway project bundled several 

projects located between mile point (MP) 154.54 and MP 163.43 on Interstate 5; and 

between MP 18.47 and MP 53.29 on highway OR126, into one contract. The project 

consisted of the design and replacement of six bridges and the repair of one bridge. The 

stated goals of the bundling include efficiencies in design, construction, quality 

management, environmental management, and cost (ODOT508, 2007). 

• Multiple Project 414. US395: McKay Creek to Silvies Slough. This was a $40 million 

design-build project. The project included replacement of seven deteriorated bridges 

along a 250-mile sensitive waterway, and a wild and scenic corridor (ODOT414, 2008). 
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At the time of writing this dissertation, Oregon DOT remains the most active agency 

regarding bundling practice. ODOT recently completed a 10-year, $1.3 billion program to repair 

or replace hundreds of aging bridges statewide (OTIA n.d.). Bridges were placed into 68 bundles 

to “reduce effects on mobility while encouraging competition.” (OTIA III 2015). The size of a 

typical bundle was 4-5 bridges. ODOT tried to keep the contract amount in the $40-50 million 

range, so as to not exceed the performance bonding capacity of smaller contractors (Mabey 2017). 

The bridges in a bundle tended to be fairly close together, but not so close together that excessive 

detours were created (Rogers 2017).  ODOT plans to continue bundling projects that have 

“homogeneous work types”, such as culvert replacement (Mabey 2017). 

Another example of DOT project bundling practice is the Highway I-270 improvement 

plan in the State of Missouri. I-270 is the busiest highway in the State of Missouri, carrying more 

than 180,000 vehicles per day through the St. Louis metro area. In order to mitigate traffic 

congestion and reduce vehicle crashes, the Missouri Department of Transportation (MoDOT) 

decided to implement three highway projects to alleviate these problems, including two redesigned 

interchanges and the rehabilitation of an interstate bridge. Instead of tackling each project 

separately, MoDOT bundled all three together into a single contract with a budget of $34.8 million. 

This single contract allowed for a major bidding advantage and also allowed MoDOT to minimize 

public impact (as opposed to three separate projects and construction schedules). This multiple-

project contract was completed a month ahead of schedule, $2.4 million under budget, and with 

minimal interruptions to the road users (AASHTO, 2012). 

The Pennsylvania Department of Transportation (PennDOT) has embarked on the 

challenge to bundle similar bridge projects together to capitalize on economies of scale and achieve 

cost savings and shorter construction periods. In 2014, a landmark $899 million contract signed 

by PennDOT, bundled the design, construction and maintenance of 558 deficient bridges into the 

single Rapid Bridge Replacement Project. The 558 bridges were selected from more than 2,000 

bridges after screening, and must be replaced within 36 months upon agreement. The bridges are 

primarily crossings on smaller state highways, many in rural areas, rather than interstate bridges 

or large river crossings (Walsh, 2017). PennDOT identified these key advantages following the 

completion of the contract: economies-of-scale savings, faster project delivery, lower life-cycle 

costs, and standardized design and construction. In addition, bundling these projects together could 

minimize the impact on road users and neighborhoods caused by the construction activities 
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(PennDOT, 2005).  As part of PennDOT’s Innovative Financing Techniques initiative, the Bridge 

Bundling Program aims to bundle the replacement or rehabilitation of locally owned bridges with 

state-owned bridge projects (Haste, 2014). The program, which seeks to bundle multiple bridges 

to be replaced or rehabilitated as a single project utilizing similar designs, is intended to save time 

and costs, thus creating economies of scale in design and construction. To be eligible for bundling, 

the bridges must be within reasonable geographical proximity and should be of similar size. 

New York DOT bundled 21 state road segments on the basis of geographic proximity to 

form one multiple-project contract (NYSDOT, 2012). Also, Caltrans has bundled safety projects 

and pavement rehabilitation projects (McCarthy et al., 2011). At the Washington DOT, project 

bundling has been carried out for federal-aid local projects. The Georgia Department of 

Transportation (GDOT) uses bridge bundles, a method of design-build contracts organized by 

geography, to help “accelerate the replacement” of 25 bridges across the state. According to GDOT, 

the process is particularly effective in rural areas because the projects are “low-impact with no 

widening or additional right-of-way and limited approach work”, and that it “expedites delivery, 

minimizes public inconvenience, maximizes industry participation and allows us to get the best 

overall product for the lowest price.” (Hill, 2016). 

While attending a conference, a member of the Purdue research team learned that Thay 

Bishop at the FHWA office in Atlanta GA is aware of many bundling programs in the US. During 

a telephone call (Bishop 2017), Ms. Bishop mentioned state DOT activity in Ohio, New York, 

Oregon, Georgia, Pennsylvania, Missouri, Nebraska, and Rhode Island.  She suggested contacting 

two individuals in Oregon, and provided the contact information.  This led to the helpful practical 

experience on ODOT’s bridge bundling program that was cited earlier in this section.  Ms. 

Bishop’s Implementation Team is in the process of assembling a Bundling Guide to help local 

public agencies. 

2.1.3.2 Adoption of Project Bundling in the State of Indiana 

Consistent with its stated goal of “planning, building, maintaining and operating a superior 

transportation system enhancing safety, mobility and economic growth” (INDOT, 2015), INDOT 

has been striving to adopt policies, plans, and designs that enhance the upkeep of Indiana’s state 

highway infrastructure. With the increasing realization of the benefit of project bundling, INDOT 
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has been undertaking more bundled projects than ever before. Some typical bundled highway 

improvement projects implemented by INDOT during the past few years, include:  

• Accelerate 465 – This $423 million project began in 2007 and was substantially completed 

in the fall of 2012, initiated by the need to expand transportation capacity, improve motorist 

safety and interstate access, and upgrade the road design to current standards. The contract 

consisted of multiple project types, including 11 miles of freeway reconstruction, upgrades 

of interchange ramps and mainline capabilities, improved geometrics and access upgrades 

to major destinations along the corridor such as the Indianapolis Motor Speedway, the 

Indianapolis International Airport, Eagle Creek Park, Indianapolis Raceway Park, and 

downtown (INDOT, 2012). 

• I-65 and U.S. 50 Rehabilitation Plan – In July 2013, INDOT launched a $55 million 

pavement project in the Seymour District to repair and repave 21 miles of Interstate 65 and 

rehabilitate 20 bridges between U.S. 50 in Jackson County and State Road 56 in Scott 

County. This large contract consists of projects including full-depth concrete patching, 

partial depth HMA (asphalt) patching, undersealing the roadbed, removing old underdrains 

and installing new ones, overlays at on- and off-ramps, rehabilitation of 10 sets of bridge 

decks, and completing a functional resurfacing of I-65 from between Seymour and 

Scottsburg. The contract was completed in November 30, 2014 (INDOT, 2014a). 

• Indiana’s Operation Indy Commute I-69 addressed the bottlenecks on I-69 in Marion and 

Hamilton Counties between the I-465 interchange and 116th Street/S.R. 37 exits, and at 

the I-465/I-65 interchange on the south side of Indianapolis. The project consisted of an 

$18 million contract to make capacity and configuration improvements to the I-69 Exit 205 

interchange at State Road 37 and 116th Street and a second $11 million contract to adding 

lanes to I-69 between 116th Street and I-465 (INDOT, 2014b). 

• SR-46 Reconstruction at Spencer – This is a $7,952,260 pavement replacement project for 

rebuilding State Road 46 at Spencer during the 2017 and 2018 construction seasons. This 

project replaced existing pavement and addressed drainage concerns between Fairview 

Avenue on the east side and the S.R. 46-U.S. Highway 231/S.R. 67 split on the west side. 

This large bundled project included new full-depth pavement replacement, storm sewers, 

sanitary sewers and water lines, sidewalks, curbs and ADA-compliant ramps, traffic signals 
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at U.S. 231, Main Street and the S.R. 46-US 231/S.R. 67 split, and coordination with town’s 

ornamental street lighting project. 

• I-70 Fifteen Bridge Preservation Project Awarded – This is a $4.6 million bridge 

preservation bundled contract for 15 structures along Interstate 70 between the Ronald 

Reagan/Ameriplex Parkway interchange and I-465 on the west side of Indianapolis. The 

project intends to protect and extend the life of each structure by applying modified 

concrete overlays to the bridge decks, sealing bridge joints, and repairing various concrete 

bridge components. 

• SR-9 Modernization in Huntsville – A $4.6 million bundled construction project on State 

Road 9 was awarded in Year 2017 that will modernize a variety of infrastructure between 

Interstate 69 and Huntsville Road. Major features of the project include repairing and 

resurfacing pavement, replacing a box culvert at Prairie Creek, and adding left turn lanes 

and installing new traffic control signals at Huntsville Road.  

2.2 Project Similarity Quantification 

Most of the bundling composition discussed in Section 2.1.2 can be easily quantified and measured 

using metrics that have been developed in the literature. For example, bundle size is measured in 

terms of the number of projects bundled in the contract; the contract size can be represented by the 

contract award amount, the amount of physical work specified in the contract, or the physical 

dimensions of the infrastructure associated with the contract; closeness between project letting 

dates can be measured using the calendar starting dates of the projects in the contract; and the 

spatial proximity of several bundled projects can be measured in terms of the driving distance or 

the straight-line (Euclidean) distance between these projects; the market competition can be 

quantified in terms of the number of contractors bidding for the contract.  

However, there is no existing metric that quantitatively describes project compatibility or 

similarity. Without a standard metric, it is hard to determine the extent to which any two projects 

are similar. This dissertation therefore proposes a method to develop several metrics for measuring 

project similarity. The developed metric, “similarity value/distance”, quantifies the similarity 

between different project types. Such metric will guide the agency in selecting compatible projects 

as candidates for contract bundling.  
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A measure of project similarity is useful not only for selecting which projects to bundle. It 

can also be used as one of the dimensions in measuring project complexity. Baccarini (1996) 

defined a complex project as one which “consists of many varied interrelated parts”. He further 

operationalized the concept of complexity in terms of two concepts: differentiation (the number of 

varied elements in a project, e.g., tasks, specialists and components) and interdependency (the 

degree of interrelatedness or connectivity between these elements). Complexity is an important 

factor to be considered in the context of construction management because it can influence the 

extent to which a project meets its objectives (in terms of time, cost and quality), as pointed out 

by Bennett (1980) and Rowlinson (1988). In addition, complexity is frequently used as criterion 

in selecting project inputs, for example, appropriate project organizational form (Bennett, 1991), 

the requirements of management personnel and experts (Gidado, 1993), and suitable project 

procurement arrangement (Stocks, 1984). The concept of project complexity and its impact on 

construction management have been discussed and analyzed from different dimensions in the past 

studies (Gidado, 1993; Williams, 1999; Nassar, 2006; Puddicombe, 2011; Dao, 2016; Luo, 2017). 

However, there is no existing research that has measured project complexity in terms of projects’ 

physical features (e.g., types of materials, and quantities of materials). The similarity measure 

established in this dissertation provides an additional dimension for assessing complexity based 

on projects’ constituent resource needs and work activities.  

To address the lacuna in the literature, this dissertation develops a quantitative metric for 

measuring project similarity. Using the developed metric, agencies will be placed in a better 

position to assess the candidacy of projects for bundling, and to measure complexity of a bundled 

contract from at least one dimension. 

2.3 Bidding Competition Prediction 

2.3.1 Number of Bidders 

In construction procurement auctions for highway projects, the number of potential bidders is an 

important consideration for both the contractor and the owner. It also is a reflection of the intensity 

of bidding competition (Carr, 1983; Akintoye and Skitmore, 1992). For the contractors, their 

chance of winning a project depends on the number of competitors. Therefore, their bidding 

decision (in terms of bid/no bid, mark-up and bid price) can be significantly driven by the number 
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of contractors they expect will submit a bid. In studies of construction companies in the UK (Shash, 

1993) and the US (Ahmad and Minkarah, 1988), the expected number of bidders has been 

identified as one of the three most critical factors that influence a contractor’s bidding decisions. 

Researchers also found that some contractors can be less motivated to bid for projects if they expect 

a large number of competitors (Carr, 1983; de Neufville and King, 1991). From the owner’s 

perspective, the expected or actual number of bidders can be used to assess the attractiveness of 

their highway projects to contractors. Also, the number of bidders is important to the owner 

because it influences the bidding results (e.g., bid prices). Contractors are forced to trim their bid 

prices in order to increase the probability to win an auction in a highly-competitive environment, 

which leads to a lower contract award amount. This effect has been identified by many past 

researchers. Shrestha and Pradhananga (2010), for example, found a strong positive correlation 

between the bid cost deviation (i.e., the percentage deviation from the lowest bid price to the 

Engineer’s Estimate) and the number of bidders. The study concluded that highway agencies could 

have received a lower bid price if more bidders had been involved in the bidding process. The 

level of bidding competition can also influence the final outcome of a project. For example, Bordat 

et al. (2003) concluded that the more competitive the bidding, the higher chance of change orders, 

cost overruns and time delays likely to be experienced by the contract. 

Therefore, predicting the number of bidders is a critical task during the bidding process for 

both the owner and the contractor. According to past studies based on experience and empirical 

analysis, the number of bidders varies greatly from contract to contract, depending on the contract 

size, project type, location and other characteristics (Al-Arjani, 2002; Drew and Skitmore, 2006; 

Azman, 2014), and the client’s objective and financial situation (Benjamin, 1969; Bajaj, 1997). 

Other researchers instead focused on investigating variables affecting the bidding decision of 

individual contractors, because they were more interested in the contractor-specific variables.  

These variables included management style of tenders and tender value, experience and the 

financial position of the contractors, contractor’s familiarity of work environment, and their 

assessment of risk (Ahmad, 1988; de Neufville and King, 1991; Payne, 1999; Lowe and Parvar, 

2004).  

Another important factor that determines the number of bidders is the market conditions 

(Skitmore, 1981; Ngai et al., 2002; Azman, 2014). The number of bidders can fluctuate over time 

with varying economic conditions, number of available projects and active contractors in the 
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market, and other time-dependent variables that affect market condition. Several researchers have 

discussed such temporal effects. For example, Skitmore (1981) investigated contract bidding 

datasets from different time periods and identified an apparent relationship between the number of 

bidders and market conditions. In a later study, Skitmore (1988) stated that fewer bidders would 

be interested to bid in a boom period when economic conditions were favorable and there were an 

abundance of projects. Similarly, a study by de Neufville et al. (1977) indicated that contractors 

generally bid for projects at higher profit margins during the boom period when there are more 

projects available in the construction market and less competition among contractors. Conversely, 

in the slump period when fewer projects are available, contractors tend to bid lower to enhance 

their chance of winning, which leads to more intense competition. Ngai (2002) used the Tender 

Price Index (TPI) to measure economic conditions and found a significant relationship between 

the TPI and the number of bidders. Li (2008), after an analysis of 927 building projects in Utah, 

concluded that clients can partially offset the effect of reduced number of bidders by timing their 

projects to seasonal or cyclical periods of construction slowdown. To date, however, no 

mathematical model has been established to account for the effect of varying market conditions on 

the number of bidders.  

The traditional approach for forecasting the number of bidders based on personal 

experience can be subjective and unreliable. Studies on estimating the distribution of the number 

of bidders or investigating the effects of potential predictors haven been carried out in the past 

with limited success. Identifying a suitable model for predicting the number of bidders has been 

an enduring problem for researchers and has received little progress in the past 30 years 

(Ballesteros-Pérez et al., 2015). This dissertation therefore develops more reliable and robust 

predictive models for forecasting the bidding competition (measured in terms of the number of 

bidders) for highway construction projects using probabilistic approach which accounts for the 

large variations involved in the bidding process. Specifically, a mixed ordered logit model was 

used to estimate the probability that a given contract will have a certain competition level. Mixed 

ordered logit is a popular probabilistic method for estimating discrete outcomes of an ordinal 

nature. The dissertation investigated the potential influential factors of bidding competition that 

are known at the project bidding phase, including contract cost, project work type and other project 

characteristics, letting year and seasonal effects as well as the bundling-related factors. To account 

for the temporal effects (such as the prevailing economic conditions and the number of available 
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projects). The letting year is treated as a random effect blocking factor in the model to account for 

the unobserved heterogeneity in the construction market conditions across years.  

2.3.2 Impact of Number of Bidders on Bid Price 

It is believed that the expected number of bidders for a contract not only influences the contractor’s 

decision of whether or not to bid, but also affects their determination of bid price. There exist 

several published work on the number of competing bidders and its impact on bid costs. Empirical 

studies show that the bidding behavior of a contractor is significantly affected by number of 

bidders (e.g., King and Mercer 1990, Skitmore, 2001).  Carr (1983) studied the impact of number 

of bidders on competition and found that a rational contractor will lower the markup and trim the 

estimated cost when competing with an increasing number of competitors. Carr (2005) 

investigated the impact of reduced competition on project bid prices. The Carr study attempted to 

control extraneous noise from variables not of interests by selecting projects from the same 

building type and designed by a single firm, with pre-bid estimates prepared from the same 

estimating database, over a limited time period. The Carr study then carried out regression analysis 

to investigate the relationship between the number of bidders and the deviations of the low-bid 

price and average-bid price from pre-bid estimation respectively. The results indicate that the 

reduced number of bidders lead to increased project bid prices, but the average bid price does not 

drop as the number of bids increase. Shrestha (2010) carried out a similar study to investigate, for 

public street projects, the correlation between the number of bidders verse the contract award 

growth (deviation of contract award from its Engineer’s Estimate) and contract award growth 

versus construction cost growth (deviation of actual construction completion cost from the contract 

bid cost). The study found that there is a significant negative correlation between the number of 

bidders and the contract award cost growth but no significant correlation between contract award 

growth and construction cost growth.  

The two papers discussed above both investigated the correlation between number of 

bidders and the deviation of contract award from the owner’s estimated cost by selecting a group 

of projects with similar conditions. This enables the exclusion of most of the extraneous noise and 

focus on the variable of interest (number of bidders). However, the selection of projects leads to a 

small sample size, and the conclusions from the analysis results might not be generalized to other 

situations. This dissertation instead developed statistical model using a large sample of contracts 
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and considered not only the impact of number of bidders but also the effects of other factors 

(including bundling-related variables) on the deviation of bid price from Engineer’s Estimate 

(winning-bid ratio, Kuhlman and Johnson, 1993). The winning-bid ratio is the ratio of the winning-

bid price (contract award) to the engineer estimated amount of a contract. This measure reflects 

the bidding competition: a lower winning-bid ratio indicates greater competition. 

2.3.3 Impact of Project Bundling on Bidding Competition 

In some situations, project bundling can also enhance the bidding competition. Li (2008) suggested 

that the owner may consider bundling small projects with others to raise the stakes to contractors 

considering the prospective work. However, when a project is already large or involves complex 

work activities, bundling it with others (particularly those involving very dissimilar work activities) 

often leads to a limited number of potential bidders. Such limitations of bundling have been 

discussed by several past researchers. Bundling of infrastructure projects could lead to severe 

limitations in market competition due to larger contract sizes that deter the entry of small and mid-

size contractors into the bidding market (Lubbock Avalanche Journal, 2000; Chakraborty, 2006; 

Damnjanovic et al., 2009). Estache and Iimi (2008; 2011) have argued that the benefits of project 

bundling were earned at the expense of market competition. 

How bundling affects bidding competition or the number of bidders is a critical issue for 

the state highway agencies who are seeking more cost-effective ways of project delivery through 

appropriate bundling strategies. However, the number of studies that have quantitatively analyzed 

such relationships is very limited. In this dissertation, the effects of project bundling (in terms of 

bundle size, bundling combinations, and spatial proximity between bundled projects) are 

incorporated into the bidding competition model development.  

2.4 Highway Project Cost Modeling 

The cost of a highway construction projects are estimated or determined at several stages of project 

development: (1) the proposed cost at the planning stage, (2) the Engineer’s Estimate at the design 

stage, (3) the bid price submitted by contractors at the bidding stage, (4) the project award (or the 

winning-bid price) at the stage of contract award and (5) the final cost at the stage of construction 

completion (Sinha and Labi, 2007; Bhargava, et al., 2017). AASHTO's Practical Guide to Cost 

Estimating (AASHTO, 2013) provides practical procedures for cost estimation for highway 
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projects during the phases of planning, programming, and preconstruction. Among these costs, the 

project cost at the award phase is probably of the highest interest for the two major stakeholders 

(the highway agency and the contractors). For the agency, the contract award is the amount they 

expect to pay to the winning contractor. For contractors that are involved in the bidding 

competition, having an accurate estimate of the contract award before the contract bidding can 

help them in determine appropriate bid prices, which would increase their chances of winning a 

contract while ensuring adequate profits (Skitmore et al., 2001). Therefore, the benefits of 

predicting a project award amount could be substantial for both the owner and the bidding 

competitors. 

2.4.1 Economies of Scale, Bundling and Competition 

Economies of scale happen when size, output, or an operation’s scale for an enterprise yields cost 

advantages.  Fixed costs are spread out over more units of output, thus lowering the cost per unit 

of output as the scale is increases (Scherer et al., 1990; Sinha and Labi, 2007). In the transportation 

industry, it has been recognized that economies of scale play an important role in determining 

highway construction project costs (Bhargava et al., 2017; Irfan et al., 2011; Qiao et al., 2018c; 

Qiao et al., 2019b) and the cost efficiency of transport service (Savage, 1997; de Cea Ch and Louis 

de Grange, 2005; Iseki, 2008). Construction economies of scale occur when construction costs rise 

as construction size increases, albeit in a manner that is less than proportional. In other words, the 

larger the project, the lower the unit cost would be. Large construction projects typically benefit 

from economies of scale, because of the large portion of fixed costs involved in the total 

construction costs (i.e., costs associated with making construction possible, beyond materials, 

supplies, and labor) that can remain the same, regardless of the project size.  

The practice of project bundling -- combining multiple separate projects into a multiple-

project contract for simultaneous delivery -- has been increasingly adopted by highway agencies 

as a way to deliver their projects in a more cost-effective manner. The most visible benefit of 

project bundling is the attainment of economies of scale, which translates into a reduction in overall 

cost of program delivery (Sanderson, 2006; Damnjanovic et al., 2009; Xiong et al., 2017; Qiao et 

al., 2018a). The phenomenon in which project cost decreases as the contract bundle size increases 

(i.e., as more projects are bundled in the contract) is defined as economies of bundling in this paper. 

Economies of bundling have been found by several past studies. Based on the analyses of past 
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project data by Estache and Iimi (2008; 2011) and Iimi (2006), project bundling could reduce 

agency costs by as much as one-third, due to significant economies of scale and scope in 

procurement and the reductions in public expenses and administrative costs of tendering and 

supervising.  

Another important factor that affects project cost is the degree of competition for a contract. 

Competition is desired by the agency, because contractors are more motivated, under intense 

competition, to submit lower bid prices in order to increase their chance of winning the project 

(Lamb and Merna, 2004). This typically leads to reduced cost of the delivered product which is 

referred to as economies of competition. In this dissertation, the three major factors -- economies 

of scale, economies of bundling, and economies of competition -- are analyzed and their impacts 

on project cost are quantified using statistical models.  

2.4.2 Modeling Approach 

Traditionally, highway project costs can be estimated using two broad approaches: aggregate 

method and disaggregate (Sinha and Labi, 2007). The aggregate approach measures the cost, for a 

group of projects, in terms of an average value (e.g., dollar per site, dollar per square foot, and 

dollar per lane-mile). The disaggregate approach estimates the cost, for individual projects, by 

calculating cost of their constituent pay items. This dissertation focuses on investigating the 

impacts of scale economies, bundling strategies, and bidding competition on the aggregate cost for 

a group of projects with similar work types; therefore, the aggregate approach is more appropriate 

in this research. 

Typically, with the aggregate approach, project cost can be modeled quantitatively as a 

function of various internal and external factors, using either a deterministic or a probabilistic 

approach. Multivariate regression analysis has been recognized as the most popular technique in 

the field of cost modeling and price forecasting (Trost and Oberlender, 2003; Ling et al., 2004), 

due to its convenience of interpretation and application (Bowen and Edwards, 1985; Chan and 

Park, 2005). Probabilistic models are often used to account for risk and uncertainties associated 

with project cost. Simulation approaches such as Monte Carlo simulation are often used to estimate 

the probability distribution of project cost, providing a confidence range of cost instead of a fixed 

value (Baloi and Price, 2003; Chou et al., 2009; Chou, 2011). More complex modeling techniques, 

such as neural networks, are also widely applied in predicting highway project costs for high 
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dimensional data (Moselhi et al., 1991; Adeli and Wu, 1998; Emsley el al., 2002; Kim et al., 2004; 

Cheng et al., 2010). Cost factors that are available at early stages of project developments are 

primarily project characteristics, including project type, project size, geographical location and 

construction period, physical and traffic conditions of the facilities, the level of design and 

construction complexity, and the form of contract. (Li et al. 1997; Hall et al. 2001; Morian et al. 

2003;  Bordat et al., 2004; Chan and Park, 2005; Haas et al.2006; Irfan, 2011; Qiao et al., 2018c).  

This dissertation seeks to fill some of the gaps identified in past literature on highway 

project cost estimation by investigating not only the project-specific factors but also the bundling-

related or contract-specific factors that were rarely studied in the past including contract bundle 

size, project compatibility and spatial proximity between bundled projects and contract bidding 

competition. 

2.5 Maintenance of Traffic Cost 

Maintenance of traffic (MOT), also known as temporary traffic control, is the process of providing 

lane management and traffic control at work zones during highway construction. This is motivated 

by the quest for safe and efficient flow of traffic through work zones (FHWA, 2018). However, 

maintaining the traffic during construction is challenging. First, the reduced road capacity due to 

work zones often leads to increased traffic interruptions and highway congestion (Morgado, 2014) 

which, in turn, causes travel delays, increased user costs, and vehicle emissions (Abdelmohsen, 

2016). In addition, lane closures, frequent lane shifts and speed limit changes associated with work 

zone poses great risk to the safety of road users and maintenance workers (Agdas, 2010). Work 

zone crashes account for approximately 1,000 fatalities annually (Akepati, 2011). Clearly, 

maintaining traffic at work zones is beneficial. However, doing this can be expensive; Agdas (2010) 

indicated that traffic control for a typical highway construction project typically constitutes 6–10% 

of the overall project cost. Recognizing that cost-effective MOT can help reduce overall project 

costs, Sharma (2009) synchronized the schedules for construction activities and traffic closures. 

Also, Coleman et al. (1996), Lin et al. (2004), and Lyu et al. (2017) suggested the use of variable 

speed limits at workzones, and AASHTO (2001), Zhu et al. (2009), and Sun et al. (2013) suggested 

the use of innovative contracting methods, all in a bid to reduce MOT costs.  

Another way to facilitate the maintenance of traffic at work zones is through the use of 

non-traditional project delivery methods such as project bundling (i.e., awarding a single contract 
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for multiple projects combined). This practice continues to be motivated by the increasing 

recognition of its benefits in terms of the reductions in costs of the actual work done (Xiong et al., 

2017; Qiao, 2018a). It is hypothesized that the costs of auxiliary construction-related work such as 

MOT costs can be significantly reduced by project bundling. For individual projects located along 

a corridor, a coordinated bundled contract comprised of such multiple projects may reduce the 

total work zone duration, whereas an individual contract for each project could lead to separate 

road use restrictions at different times. In other words, the duration of the sum of projects is 

hypothesized to be lower than the sum of the duration of projects. This is consistent with the 

concept of holism in system engineering (Labi, 2014). Thus, project bundling could lead to shorter 

work zone durations and consequently, reduced costs of work zone management and traffic control 

borne by the contractor (Xiong et al., 2017; Qiao et al., 2019c). Reduced work zone duration, in 

turn, potentially benefits the agency by reducing the overall contract bid amount and lowering the 

risk of construction-related injuries/fatalities and benefits road users and the community in terms 

of reduced traffic interruptions, travel time, and air and noise pollution.  

It has also been hypothesized that project bundling can reduce the overall duration of 

construction projects, particularly where the bundled projects are in the same vicinity and share 

similar work types (Bordat et al., 2003). Bundling offers the contractor greater flexibility to move 

and coordinate resources (materials, equipment, and personnel) between different projects. As a 

result, a lower likelihood of project delay, less traffic interruption, and lower MOT costs can be 

earned. For example, the Missouri Department of Transportation bundled three highway projects 

into a multiple-project contract which was completed a month ahead of schedule, $2.4 million 

under budget, and with minimal interruptions to the road users (AASHTO, 2012). 

In addition, project bundling can lead to reduced costs of mobilization and demobilization, 

which is an important component of the MOT cost (Xiong et al., 2017). (De)mobilization work 

consists of activities that lead up to (or are part of) the setup and closeout of a project. The costs 

of these activities could be reduced through the consolidation of several projects. For a bundled 

contract, the (de)mobilization costs can be combined and may be lower than the sum of 

(de)mobilization costs for multiple single-project contracts that each separately contains one 

project. In cases where project (de)mobilization cost is a fixed ratio of the total contract award, the 

cost savings from bundling may not be obvious because it is hidden in the total contract award 

amount that is reduced accordingly.  
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However, there is lack of existing research that quantitatively described the impacts of 

project bundling on the MOT cost. This dissertation therefore addresses this issue using historical 

contract data. Using statistical modeling, the dissertation answers the following questions: (1) does 

bundling generally lead to reduced MOT cost; (2) how much cost-savings on the MOT can be  

generally achieved through bundling; (3) For a given set of projects, do different bundling 

strategies affect the MOT cost; and (4) do the bundling impacts on the MOT cost vary across the 

different project types? 

2.6 Project Duration Modeling 

At various phases of infrastructure project development and from the perspective of the major 

stakeholders (the agency/owner, road the contractor, the community, and the road users), it is 

important to have a reliable estimate of the project duration. At the planning phase, the expected 

duration of the project is one of the several criteria that the agency uses to assess the project 

feasibility or to evaluate/select from multiple candidate projects. At the bidding stage of the 

construction phase, the agency selects the best contractor based on the price and project duration 

proposed by each bidder (contractor), among other bid evaluation criteria. Also, the agency’s 

perspective, reliable duration prediction is beneficial for construction planning, contract 

administration, workzone impact assessments. It is also useful for the agency’s public relations in 

terms of reducing the incidence and severity of time overruns beyond what has already been 

announced to the public. 

From the contractor’s perspective, reliable estimation of project duration at the bidding 

stage (of the construction phase) can improve their forecasts (and consequently, proposed project 

periods) that are useful in maintaining a competitive bid, and ultimately, reducing the propensity 

of the project to encounter schedule delay. In addition, contractors use the project duration estimate 

as a basis for developing their construction schedule. The road users and community also have a 

stake in reliable reduction of project durations. At the construction phase, the actual project 

duration (which the workzone period reflects) influences the user cost of delay, road user safety, 

and vehicle operations at the restricted lanes and detours. With knowledge of reliable durations of 

projects, road users can plan their detour routes with greater confidence. Also, at this phase, the 

project duration reflects the time extent to which the community suffers the costs and 

inconvenience of the project noise, dust, and vibration, and public unsafety. With regard to urban 
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projects, businesses in the affected community suffer commerce disruption due to diminished 

access to customers and subsequently, reduced sales and worker productivity. If these businesses, 

institutions, and other organizations have a reliable prediction of the project duration, they can 

make preparations such as temporary reduction or redistribution of employees, or even temporary 

shutdown to avoid waste of resources.  

These stakeholder benefits of reliable prediction of project duration has been discussed by 

researchers. Martin et al. (2006) stated that construction project duration predictability is one of 

the key performance issues that, if addressed, provides best value to construction stakeholders. 

Teicholz (1993) stated that agencies and contractors can update their projections of project 

duration of a projects by analyzing the durations of past similar projects. The Egan report titled 

Rethinking Construction recognized the unpredictability of construction project duration and 

stressed the importance of addressing this issue, and proposed time predictability as a key 

performance indicator of project delivery. According to Martin et al. (2010), empirical trends on 

time and cost overruns indicate that the construction industry’s ability to predict project duration 

is considerably worse than its ability to predict project cost. Yeom et al. (2018) stated that accurate 

prediction of the construction duration is critical to the analysis of reliable cash flows during the 

project planning phase when feasibility analysis is carried out. 

A significant amount of research has been carried out on the prediction, for application at 

the pre-construction phase, of the expected duration of construction projects. A critical part of 

project duration analysis and modeling is identifying the key variables that potentially influence 

the completion time and quantifying their impacts. From previous research, the most recognized 

factors are the project work type and cost. The relationship between cost and project duration has 

been heavily investigated (Fulkerson, 1961; Falk and Horowitz, 1972; Chan, 2001; Moussourakis 

and Haksever, 2004; Yang, 2005; Abu et al., 2010; El-Kholy, 2013; and Jarkas, 2015). They 

determined invariably that the project cost is the best indicator of construction duration because it 

not only surrogates for the project size but also reflects the work complexity and quality. Many of 

these have used methods that can be categorized as parametric and non-parametric.  

The parametric models include simple and multiple regression models that use one 

dependent variable and several independent variables, respectively. From the perspective of the 

type of variable used in the simple regression model, there are at least two categories of models: 

those that use the project cost only and those that use some measure of the project size or amount 
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of work done; of the former, the most common is the Bromilow Time-cost (BTC) model (Mackova 

and Baskova, 2014). Bayram (2016) determined that the BTC models are superior to those that 

use amount of work as the independent variable. Several researchers have developed multiple 

regression models to predict project duration (Irfan et al., 2011; Ong et al., 2012; Martin et al., 

2006; Abu et al., 2010; Thomas and Thomas, 2016; Yeom et al., 2018; Qiao et al., 2019d), and 

most researchers have argued that these are superior to the single regression models; for example, 

Hoffman et al (2007) determined that besides project cost, the source of project management and 

the work source (in-house vs. by contract) are also influential factors of project duration. Also, 

Jarkas investigated the conditions under which the multiple linear regression model can be 

considered superior to the BTC model. Czarnigowska and Sobotka (2014) used simple statistical 

regression, multifactor regression, and non-parametric regression to estimate construction duration 

for public road construction projects in Poland. 

With regard to the independent variables used in multiple regression models and other 

models types that use several independent variables, research has also been carried out on other 

factors that influence project duration or delays, such as management-related factors including 

client experience, form of procurement, and project organizational structure (Hitt and Ireland, 

1985). Nkado (1995) surveyed construction firms in the United Kingdom and identified a number 

of factors that impact project duration: the client’s specified sequence of completion and priority 

on construction time, project complexity, location, buildability of the design, contractor’s 

programming actions, form of construction, availability of the construction management team, and 

timeliness of the project information and documents. The authors conceded that while these factors 

are easily identified, a quantitative assessment of their impact on construction duration is difficult 

due to their subjective nature. These factors were investigated in a subsequent study by Chan and 

Kumaraswamy (1982) who placed them into four categories: project scope, complexity, 

environment, and management attributes. Martin et al. (2006) and Irfan et al. (2011) hinted that 

the potential factors of construction duration include project sector type (for example, transport 

and energy), facility type and function, procurement route adopted, contractor selection method, 

client type, and contract size (in terms of the value or physical dimensions). Other factors include 

the facility design type, site access and site conditions, project complexity, availability of resources 

and finances (Martin et al., 2006). 
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Due to the large number of factors that affect project duration as discussed above and their 

inherent variabilities, there exists a large variance in highway project duration; for example, for 

projects of similar size and characteristics, their duration is not expected to be similar. In this 

respect, past researchers such as Irfan et al. (2011) have echoed Greene (2010)’s exhortation that 

probabilistic methods introduce stochastic elements into a model and thus transform it from an 

exact statement to a probabilistic description about expected outcomes. Greene argued that 

although the probabilistic model can be less precise, it is more robust than deterministic method. 

The survival function, a probabilistic method which we discuss later in this section, addresses this 

issue.  

Kim and Kim (2015) presented a framework to evaluate the credibility of deterministic 

project duration forecasts to detect false early warnings and misleading trends. They used a 

forecast-risk compatibility check to assess the consistency of schedule variability that is predicted 

by deterministic forecasts and standard risk assessment techniques. 

Fairly recently, earned value management (EVM) has been one of the most widely used 

approaches for measuring project performance in terms of both cost and duration, and had made 

available data regarding these outcomes. EVM is used to control and monitor schedule 

performance through comparing the work performed to what was originally scheduled. Relatively 

recently, researchers have evaluated various deterministic and probabilistic state-of-the-art 

forecasting approaches for project duration based on data derived from earned value management 

(Nassar, 2005; Mortaji et al., 2014; Chen, 2014; Kim, 2015; Batselier and Vanhoucke, 2015). 

Khamooshi and Abdi (2016) compared the efficacy of schedule performance index and the 

duration-based schedule performance index and the earned duration management, to predict the 

duration and completion of an in-progress project, and determined that the latter is a superior model, 

particularly when used together with exponential smoothing techniques. 

In a parametric approach that uses techniques other than statistical regression, Pesko et al. 

(2017) compared the predictive efficacy of project duration using artificial neural networks (ANNs) 

and support vector machines (SVM), based on variables that included the quantity of construction 

materials, distribution of the work across the different work categories, and the project type or 

category. They showed that compared to ANN, SVM provides a higher accuracy of project 

duration estimation. Jin et al. (2016) developed and tested a case-based reasoning (CBR) model 
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that can be used to estimate the construction duration in the preliminary stage when limited 

information is available.  

Survival analysis is a branch of statistics that analyzes probabilistically, the rate or time 

taken for an event to occur (for example, project completion), and often involve the development 

of hazard functions (Elandt-Johnson and Johnson, 1999). Survival analysis or called hazard-based 

modeling is a widely used technique in social sciences and medical research and has recently been 

adopted in predicting highway project duration or schedule delay (Anastasopoulos et al., 2009; 

2011; Irfan, 2011; Ong et al., 2012). Typically, a survival model (also called hazard-based duration 

model) can be classified into non-parametric (e.g., Kaplan–Meier), semi-parametric (e.g., cox 

regression) and fully-parametric models depending on the assumption of the underlying hazard 

function. The non-parametric method is easy to use without making any assumption but is limited 

in its ability to relate the survival function to external covariates. Where the analyst seeks to 

investigate the effects of potential predictors, the semi-parametric and fully-parametric survival 

models are preferable to estimate covariate-adjusted survival model. Of the three methods, the 

fully-parametric approach is probably the most popular in project duration modeling. This because 

unlike semi-parametric model which focuses on the influence of covariates on hazard, the fully 

parametric model also specifies the shape of the baseline hazard function and therefore can 

calculate the distribution form of the survival time (i.e., the project duration). This can be 

extrapolated into the future, making it useful for out-of-sample predictions (Yang et al., 2013; 

Zhang, 2016). Also, it has been found that when an appropriate distribution is used, parameter 

estimation using the fully-parametric model is generally more accurate compared to the semi-

parametric and non-parametric models (Pourhoseingholi et al., 2007; Teshnizi and Ayatollahi, 

2017). 

This dissertation investigats the feasibility of using both non-parametric and parametric 

survival analysis methods to estimate project duration. The non-parametric models estimate the 

empirical survival distribution of each project type and can be used for duration estimation when 

there is no information besides the project type. The parametric models revisit the influence of 

well-recognized factors of project duration (project cost and work type, letting season, road 

functional classification, type of contractor and contractor experience) as well as the rarely studied 

factors (bundling-related variables including bundle size, bundle complexity and spatial 

proximity).  
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2.7 Cost and Time Overrun Estimation 

In construction industry, cost overrun and time overrun are key performance indicators for contract 

performance of highway projects (Hancher and Rowings’s, 1981). Cost overrun has been defined 

as the difference between the original contract value (i.e., contract award) and the actual contract 

cost at practical completion (Rowland, 1981, Hinze et al., 1992 and Zeitoun and Oberlander, 1993). 

Project delay is the time overrun beyond the originally-set completion date specified in a contract 

(Assaf and Al-Hejji 2006). Cost overrun and time overrun have been identified as significant 

problems historically and globally in highway-construction project delivery irrespective of work 

type and geographical location (Flyvbjerg et al. 2002; 2003; Anderson et al. 2007). 

Cost and time overruns are major concerns of both highway agencies and contractors 

because unexpected cost escalation and delay can cause undesirable consequences, such as 

extended work zone durations which contributes to traffic delay and road-user dissatisfaction and 

adverse effects on project delivery, client satisfaction and public relations, and disruptions to 

highway programs (Frimpong et al., 2003; Xiao and Proverbs, 2003; Anastasopoulos et al., 2010). 

Cost and time overrun can caused by factors involved at various phases of the project life cycle 

(planning, design, bidding, and construction). The sources of cost overrun and time delay include 

increased scope of work, design errors and revisions, late supplies deliveries, economic conditions, 

unexpected site and weather conditions, change orders and other project-related changes (Rowland 

1981; Jacoby 2001; Bordat et al. 2004; Aziz and Abdel-Hakam, 2016 Al-Hazim, 2017). 

A considerable amount of empirical studies has been carried out in investigating factors 

that potentially affects project cost and time overrun. Project size and type have been the most 

well-recognized and well-studied factor in past literature (de Neufville et al. 1977; Randolph et al. 

1987; Rowland 1981; Jahren and Ashe, 1990; Skitmore, 1988). However, contradictory 

conclusions were obtained on how cost and time overruns are affected by project size. For example, 

Rowland (1981) concluded that cost overrun rates increase as contract size increases due to 

increased contract complexity. However, Randolph et al. (1987) determined that larger contract 

size decreases the chance of cost-overrun. Jahren and Ashe (1990) instead found that cost overrun 

rates of 1-11% are more likely to occur on larger projects than smaller ones, but cost overruns 

greater than 11% are more likely to occur on smaller projects. Anastasopoulos et al. (2011) found 

that both the probability and duration of project schedule delays are significantly influenced by the 

planned duration, project type and cost, and the likelihood of adverse weather. Akinci et al. (1998) 
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investigated uncontrollable risk sources of cost overrun by studying (1) factors affecting the cost 

estimate; (2) factors affecting the final project competition cost; and (3) contract-specific factors. 

The level of bidding competition and the characteristics of the bidding outcome (such as the 

difference between the low bid and Engineer’s Estimate) have been also identified as influential 

factors to both cost and time overrun (Jahren et al., 1990; Ganuza, 2007; Baloi and Price, 2013). 

Other researchers identified factors for cost and time overrun through conducting interviews and 

surveys. Iyer and Jha (2005) carried out factor analysis on 55 success and failure factors of cost 

performance in Indian construction projects through literature review and questionnaire surveys. 

The study found coordination among project participants as the most significant factor that 

positively influences cost performance. Shane et al. (2009) conducted interviews with more than 

20 state highway agencies and summarized 18 primary cost escalation factors for all types of 

construction projects. Elinwa and Joshua (2001) studied various factors that influence time overrun 

in the Nigerian construction industry through sending questionnaires to professionals. The study 

concluded that the time overrun occurs very often (80% - 90%) irrespective of project type and 

size, and it is more pronounced in government/public sector projects. Larsen et al. (2015) 

conducted questionnaire survey with 26 factors identified for project cost and time performance. 

The study concluded that the most influential factors for cost is errors or omissions in consultant 

material; and for time, is unsettled or lack of project funding.  

Different modeling approaches have been applied in the past in predicting cost and time 

overrun probabilities and severities. Attalla and Hegazy (2003) compared the performance of 

different modeling techniques in predicting cost deviation in reconstruction projects including 

artificial neural networks and regression models. A similar study by Williams (2005) modeled 

highway project cost deviations based on bidding-related variables (such as bidding ratio, mean 

bid, and second lowest bid) using neural networks and regression analysis. Touran and Lopez 

(2006) and Zheng and Ng (2005) modeled uncertainty in cost escalation and time deviations in 

large infrastructure projects using stochastic modeling approaches. Nassar et al. (2005) applied 

Weibull statistical method in evaluating cost and time performance of construction projects. Love 

et al. (2016) applied a three-parameter Frechet probability function to fit the probability 

distribution of cost overruns by contract size. In a later study by Bhargava (2017), risk-based 

multinomial models and Monte Carlo simulation are used in predicting the probability of a project 

following a particular cost escalation pathway across different project development phases. and 
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that it will incur a given level of cost deviation severity. Anastasopoulos et al. (2011) applied 

random-parameter statistical modeling approach on 1,722 highway projects in Indiana to 

investigate the issue of project delay. A random-parameter binary logit model was developed to 

estimate the likelihood of encountering a project delay and proportional hazards model was 

developed to predict the duration of the delay. It has been argued that cost and time overruns are 

likely to occur simultaneously, and that such interdependency could be attributed to the fact that 

these two contractual aberrations are resulted from similar factors (Bhargava, 2010). To account 

for possible interdependency between cost overrun and time overrun, some researchers adopted 

structural equation modeling (SEM) technique which estimates multiple response variables 

simultaneously. Bhargava (2010) used the three-stage least-squares technique to model the 

simultaneous relationship between cost and time overruns. The study shows that estimating cost 

overrun and time overrun simultaneously yields superior model results compared to estimating the 

two measures separately, which indicates the occurrences of cost overrun and time delay are 

interdependent. Eybpoosh et al. (2011) applied structural equation models in evaluating the effects 

of construction resource-related factors on cost overrun. 

Although extensive studies have been carried out on the issue of cost and time overrun of 

highway projects, no existing literature provides quantitative relationship between project 

bundling and project cost/time overrun risks. It has been hypothesized that bundling could 

potentially reduce the overrun risk because contractors are given more flexibility to move and 

coordinate resources and work between bundled projects. However, as the bundle size keeps 

increasing, bundling, especially when very different work types are bundled, might lead to higher 

chance of cost/time overrun due to increased contract size and complexity. In this dissertation, 

statistical probabilistic models (binary and ordinal logistic models and hazard-based survival 

models) are developed to estimate the likelihood and severity of both cost and time overruns, with 

the aim of assessing the impacts of bundling-related factors (contract value, bundle size, 

combability and spatial proximity between bundled projects) on project cost and time overrun risks. 
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 DATA COLLECTION AND PRELIMINARY ANALYSIS 

Data used in this dissertation were provided by Indiana DOT in the form of the INDOT Official 

Bid Tabulation database, the INDOT Site Manager database, and the INDOT Scheduling Project 

Management System (SPMS) database. All the above datasets were merged to yield a large dataset, 

containing comprehensive contract information for projects awarded from Year 2008 to Year 2018 

in the State of Indiana. Table 3.1 summarizes all the relevant variables contained in the study 

dataset, including contract information, project information, and bidding information. 

Table 3.1 List of Variables 
Category Variables 
Contract 
Information 

Contract ID; Lead Project; Nr of Bundled Projects (NBP); Nr of Bids; Letting Date; 
Award Date; Planned Cost; Engineer’s Estimate; Contract Award; Completion 
Cost; Planned Duration; Completion Duration. 

Project 
Information 

Project: Project ID; NBI# (If Bridge); Work Category; Project Type; Project Length; 
Nr of Lanes; Project Award;  
Road and Traffic: Urban or Rural; Functional Class; Route Type; ADT 
Location: District; County; Route Number; Location; Latitude/Longitude 

Bidding 
Information 

Contractor’s name; Submitted bid price; Contractor’s bidding history 

 

Each contract has a unique ‘Contract ID.’, and contains single or multiple projects 

identified by a unique “Project ID”. “Nr of Bundled Project” is the number of projects bundled in 

a contract. A contract is defined as a “single project or standalone contract” when there is only one 

project in the contract, and as “bundled contract” when multiple projects comprise the contract. 

The “lead project” in a contract refers to the main project (typically, the largest in terms of cost). 

The variable of “Nr of Bids” refers to the number of bidders involved in the contract bidding 

process. The “Letting Date” is the day the bids are opened up, and the “Award Date” is the day 

the contract is awarded to the contractor.  

The projects in the dataset are grouped into six families (work categories) and 36 classes 

(project types). For a single-project contract, the work category of the contract is determined by 

the single project. For a bundled contract, the contract type is determined by the work category of 

the lead project. An NBI (National Bridge Inventory) number is given for each project in the 

Bridge work category. Bridge information (e.g., deck area, condition of bridge components, built 

year) was extracted from the NBI dataset based on the bridge’s NBI number. The deck area is a 
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proxy for the bridge project size. For other project types, the project size was measured in terms 

of the project length (miles) and number of lanes, or the number of units constructed. Projects are 

located on state, US and Interstate routes in both urban and rural areas. Traffic count data (ADT) 

at the project locations are available in the dataset. Project location information (district, route 

number and latitude/longitude) are also provided in the dataset. 

The expenditure data can be classified into three different levels: contract level, project 

level and pay-item level. The “Project Award” is the award amount (dollars) of a project, and the 

sum of the “Project Award” of all projects in a contract is equal to the contract’s award amount 

(Contract Award). At the pay-item level, unit cost, quantity and total amount are provided for each 

pay item in a project. The sum of the total amount of all pay items in a project is equal to the 

‘Project Award’ of that project. 

3.1  Metadata and Distribution of Variables 

3.1.1 Classification of Project 

There are 8,782 projects (project) and 5,180 contracts in the dataset. The projects considered in 

this dissertation can be categorized into 6 work types (i.e., Bridge, Road, Traffic, Small-structure, 

Miscellaneous, and Utility), and can be further classified into 36 different project types. Figure 3.1 

shows the distribution of project types in the dataset. Almost half of the projects for Years 2008 to 

2018 are bridge projects. Table 3.2 summarizes the number of projects and the number of contracts 

for each of the 36 project types. “Bridge Deck Overlay” (395 instances), “Misc. Bridge Rehab & 

Repair” (647 instances), and “Partial 3” (66 instances) are the most common among all the project 

types. 

At the contract level, the work category of a contract is determined by the work category 

of the “Lead Project” in the contract. For example, if there are Road, Bridge and Traffic projects 

bundled in one contract but the lead project is a Road project, then the contract is designated as a 

Road contract. Figure 3.2 presents the distribution of different contract types. Road work is the 

type of work that is most likely to be the lead project in a contract. This is because Road work is 

generally more expensive compared to other work categories. Table 3.2 presents the distribution 

of the number of projects in which each project type is included as well as the number of contracts 

(for each contract, the designated project type is the lead project in the contract). 
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(a) Project Work Category     (b) Contract Work Category 

Figure 3.1 Distribution of Work Type (Lead Project) 
 

Table 3.2 Distribution of Number of Projects and Number of Contracts 

Category Code Project Type Nr of 
Projects 

Nr of 
Contracts 

(Lead 
Project) 

Bridge 

B1 New Bridge 387 72 
B2 Bridge Replacement 445 301 
B3 Superstructure Replacement 88 48 
B4 Deck Replacement 126 66 
B5 Bridge Widening 96 25 
B6 Bridge Deck Overlay 525 201 
B7 Thin Deck Overlay 298 61 
B8 Misc. Bridge Rehab & Repair 971 311 

Total  2,936 1,085 

Road 

R1 New Road Construction 153 140 
R2 Added Travel Lanes 124 112 
R3 Patch & Rehab Pavement 218 135 
R4 Partial 3 1,442 1,019 
R5 Road Rehabilitation (3R/4R) 264 238 
R6 Wedge & Level Only 45 38 
R7 Sight Distance Correction 35 28 
R8 Shoulder Rehab & Repair 3 1 
R9 Pavement, Other 128 111 
R10 Pavement Replacement 225 191 
R11 Intersection Improvement 285 254 
R12 Interchange Work 44 35 

Total  2,966 2,302 

Traffic T1 ITS 50 30 
T2 Signing 269 123 
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Table 3.2 continued 

 

T3 Traffic Signals 371 190 
T4 Pavement Markings 97 84 
T5 Guard Rail, Cable Barrier & Wall 116 108 
T6 Lighting 67 45 

Total  970 580 
Miscellaneous M1 Demolition 91 84 

M2 Channel and Ditch Work 64 29 
M3 Stormwater Improvements 13 6 
M4 Slide Correction 54 37 
M5 Paths, Sidewalks & Curb Ramps 347 297 

Total  569 453 
Small 

Structure 
S1 Pipe Lining 371 149 
S2 Small Structure Installation 327 197 
S3 Small Str. Maintenance & Repair 71 37 

Total  769 383 
Utility U1 Railroad Work 6 4 

U2 Utility Relocation 54 0 
Total 

 
60 4 

 

3.1.2 Project Size 

Project size has a profound impact on project cost. Generally, the larger the project size is, the 

lower the unit cost. This phenomenon is called “economies of scale”. Figure 3.2 shows the 

distribution of project size for projects in different work categories. For Bridge projects, the project 

size is measured by the deck area (sq. ft.) and that data can be retrieved from the NBI dataset. For 

other work categories, the unit of project size is miles, number of lanes, or lane-miles, count, and 

so on. 

 
Figure 3.2 Distribution of Project Size for Projects in different Work Categories 
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3.1.3 Bundle Size 

In this dissertation, “single-project contract” or “standalone contract” is defined as one project of 

a specific work type being delivered in a single geographic location. A “bundled contract” is 

defined as a group of single projects of similar or different work types delivered under a single 

contract; the work types do not have to be the same but must be compatible.  To show how projects 

have been bundled for each work category in the past, Table 3.3(a) presents, at the contract level, 

the number of single project contracts and bundled contracts, and at the project-level, the number 

of stand-alone projects and bundled projects. Table 3.3(b) shows, the statistics for bundle size, at 

contract-level and project-level respectively, for each work category. Large bundle size (more than 

10 projects) were found mostly for Bridge and Road contracts. The statistics for bundle size for 

different project types are provided in Table A.1 and Table A.2 in the Appendix.  

Table 3.3. Statistics for Project Bundling 
(a) Number of stand-alone and bundled projects/contracts 

Work Category Number of Contracts Number of Projects 
Stand-alone 

Contract 
Bundled 
Contract 

Stand-alone 
Projects 

Bundled 
Projects 

Bridge 711 374 712 2224 
Road 1594 708 1596 1370 
Traffic 514 66 515 455 
Miscellaneous 409 44 409 160 
Small-structures 253 130 253 516 
Utility 3 1 712 2224 

 (a) Number of bundled projects 

Work Category Contract Bundle Size 
1 2 3 4 5 6 7 8 9 >10 

Number of Contracts 
Bridge 673 178 45 32 10 13 11 6 7 16 
Road 1438 282 112 60 39 27 17 6 8 46 
Traffic 468 36 7 7 2 2 1 0 1 1 
Small-structures 239 54 13 9 8 3 1 3 1 1 
Miscellaneous 361 25 8 2 0 0 0 1 0 1 
Work Category Number of Projects 
Bridge 712 421 227 254 149 130 161 68 88 726 
Road 1596 519 276 170 101 78 36 9 17 164 
Traffic 515 154 54 79 30 44 32 26 18 18 
Small-structures 253 156 82 60 54 54 40 24 9 37 
Miscellaneous 409 72 30 11 3 8 1 8 9 18 
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Figure 3.3 presents the distribution of bundle size (number of bundled projects) of bundled 

contracts. In most bundled contracts, the number of bundled projects is between 2 to 4. Bundled 

contracts with Bridge, Road or Small-structures lead projects bundle sizes large than those with 

Traffic and Miscellaneous lead projects. 

 
Figure 3.3 Distribution of Number of Project in a Bundled Contract 

 

As the state increasing realizes the benefit of project bundling, there is a generally 

increasing number of bundled projects in the state of Indiana, particularly after Year 2013. Figure 

3.4 presents change in the number of standalone and bundled projects from 2008 to 2018.  

 
Figure 3.4 Variations in Bundling Practice, 2008-2018  



60 
 

3.1.4 Bidding Competition 

In Indiana, the low-bid method where the owner awards a contract to the lowest bidder is the 

dominant contracting approach. Only 3% of the contracts where the current dataset where the 

winning-bids is not the lowest were identified. Among these contracts, the winning-bid is either 

the second lowest bid (in most cases) and other bid (in a few cases).  

One of the important measures for market competition is the number of bidders (contractors 

who decided to submit a bid) competing for a contract. Figure 3.5(a) presents the number of bidders 

for all the past contracts in different work categories from Year 2008 to 2017. According to the 

distribution of the number of bidders, most of the contracts were found to have 2 to 5 bids. 

Contracts with lead project from the Road work category were found to have relatively fewer bids 

compared to other contracts. 

Another commonly used measure that can reflect the intense of market competition is the 

winning-bid price (which, in most cases is the lowest bid) or the winning-bid ratio (which is the 

ratio of the winning-bid to the Engineer’s Estimate). When the market competition is intense, 

contractors tend to lower their bids to increase their chance of winning. The distributions of the 

winning-bid ratio are presented in Figure 3.5(b) for contracts in the five work categories. The 

winning-bid ratio for Bridge work has an approximately normal distribution centering at ratio 1, 

indicating that the bid prices are nearly symmetric to the Engineer’s Estimate (i.e, the number of 

bidders who bid lower and higher than the Engineer’s Estimate are similar). For Road and Traffic 

work, the distributions are slightly left skewed, indicating that there are relatively more contractors 

who submitted bids lower than the Engineer’s Estimate. For Small-structures and Miscellaneous 

work, such distributions are highly left skewed, which means the bids submitted by most of the 

contractors are significantly lower than the Engineer estimate; this might be indicative a highly 

competitive environment where contractors tend to lower their prices in order to win contracts in 

the work category. 
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(a) Distribution of Number of Bidders  

 
(b) Distribution of Winning-bid Ratio 

Figure 3.5 Market Condition by Project Work Category 
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3.1.5 Timing of Letting Dates 

Projects considered in this dissertation have letting dates between January 09, 2008 and Dec 19, 

2018. Figure 3.6 presents the number of projects in each letting year for different work categories. 

It is observed that year 2015 and 2016 have the highest number of projects, and relatively less 

projects were let during the year 2011 and 2013. Also, over the given period, there is a general 

increasing trend for Bridge work and small-structure work, and a slightly decreasing trend for 

Road work. 

 
Figure 3.6 Distribution of Projects in Various Work Categories (Year 2008 to Year 2018) 

 

Figure 3.7 presents the number of projects let in the different letting seasons of the year 

(1st/2nd/3rd/4th quarters). Project cost and durations can be affected significantly by seasonal 

effects due to different weather and site conditions. Also, contracts that are opened for bidding in 

different seasons might have different competition levels due to the varying market conditions 

associated with the weather.  
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Figure 3.7 Distribution of Projects in the Various Work Categories over the Four Seasons 

 

3.1.6 Functional Class and Traffic 

Route type and functional class may have some effect on project cost, duration and level of 

competition. For example, it can be hypothesized that compared to their non-Interstate 

counterparts, projects on interstate highways are typically associated with higher unit cost and 

longer duration due to higher design or construction standards or higher traffic volume (although 

it is also possible for an interstate project to be have a shorter duration due to higher priority and 

less wiliness to interrupt traffic). Figures 3.8 present the counts of projects on different functional 

classes, and the distribution of traffic volumes at the project sites.  
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(a) Route Type 

 
(b) Rural and Urban Road     (c) ADT 

Figure 3.8. Distribution of Functional Class and Traffic Volume (ADT) Across the Various 
Work Categories 

 

3.1.7 Project Location and Distance 

The spatial proximity between bundled projects can be important criterion for making bundling 

decisions. Projects that are located far away from each other may not be ideal candidates for 

bundling. The distance between projects in a bundled contract might have some impact on project 

cost and duration. For example, it is expected that projects located more closely would enjoy more 

savings from project bundling. Figure 3.9(a) shows the distribution of average paired distance 

among projects in a contract. This distance is calculated by dividing the sum of distance between 

each pair of projects in a contract by the number of pairs. Figure 3.9(b) shows the average distance 

from one project to all other projects in a contract. This distance is obtained by dividing the sum 
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of the distance between the project to all other projects in the contract (kins) by the number of kin 

projects. 

 

 
(a) Avg. Paired Distance in a Contract 

 
(b) Avg. Distance from One Project to All 

Other Projects in a Contract 
Figure 3.9 Distribution of Average Distance for Bundled Projects 

 

The spatial proximity between the bundled projects in a contract can also be measured in 

terms of whether these projects were bundled along the same corridor (road) or at different 

corridors and whether these projects were bundled within the same county or spread over various 

counties. Table 3.4 presents the percentage of bundled contracts where constituent projects are 

located in the same corridor and those in which projects were bundled within the same county.  

It was found that for all the contract types, a large percentage of projects was bundled along 

the same corridor and within the same county. It is hypothesized that the benefit of project bundling 

is generally larger when the constituent projects are located in the same corridor. This is because 

resources, construction materials, and maintenance of traffic costs can be shared and coordinated 

more easily if all projects in the contract are located on the same corridor and within the same 

geographical area.  
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Table 3.4. Distribution of Spatial Proximity for Bundled Projects 
Contract Type  
(Lead Project Type) 

Bundled along 
Same Corridor 

Bundled at 
Different 
Corridors 

Bundled within 
the Same 
County 

Bundled in 
Various Counties 

Bridge 85.08% 14.92% 96.39% 3.61% 
Road 88.79% 11.21% 96.95% 3.05% 
Traffic 94.50% 5.50% 63.48% 36.52% 
Miscellaneous 95.96% 4.04% 96.64% 3.36% 
Small-structures 88.74% 11.26% 98.43% 1.57% 
 Contract Type  
(Lead Project Type) 

Different 
Counties and 

Corridors 

Same Corridor 
Different 
Counties 

Same County 
and Different 

Corridors 

Same County 
and Same 
Corridor 

Bridge 0.37% 3.24% 14.55% 81.84% 
Road 0.22% 2.83% 10.99% 85.96% 
Traffic 0.53% 35.99% 4.96% 58.51% 
Miscellaneous 0.22% 3.14% 3.81% 92.83% 
Small-structures 0.00% 1.57% 11.26% 87.17% 

 

3.1.8 Cost Data 

Some of the main tasks of this dissertation are to investigate the effect of project size, project 

bundling market competition and other important factors on project cost. For this purpose, project 

cost is measured at three levels.  

• At the contract level, the cost is the award amount (contract award) or the final amount of 

a contract (actual contract cost). The contract award is also the sum of project award of all 

projects in that contract.  

• At the project level, the cost is the project award of each project in a single project contract 

or a bundled contract.   

• At the pay-item level, the cost is measured by the cost of each pay item for a project. The 

sum of the cost of all the pay items is equal to the project award for that project. For a 

design-build project, there is only one lump sum item, and the item cost is the project award.  

For all the analyses in this dissertation, the cost data were adjusted to account for inflation 

across the different years of cost reporting. The Construction Price Index (CPI) from the Bureau 

of Labor Statistics (BLS) was used, and the base year is 2015. 



67 
 

3.1.8.1 Contract Level 

Figure 3.10 presents the distribution of contract award for different ranges. The chart’s bars are set 

with different interval widths in order to present a more useful distribution. The contract award of 

many contracts is between $0.1 million and $5 million. Contracts with award amounts more than 

$10 million might contain some expensive work types or a large number of projects.  

 
Figure 3.10 Number of Contracts by Contract Award for Different Work Categories 

3.1.8.2 Project Level 

Figure 3.11 presents the distribution of costs at a project level. Each bar represents the number of 

projects that have a project award within a certain cost range, segmented by different colors that 

indicate a certain work category. The most frequent project award amounts are between $0.1 

million to $5 million. Some projects have project awards exceeding $5 million; most of these are 

Road projects.  

 
Figure 3.11 Number of Projects by Project Award for Different Work Categories 
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Figure 3.12(a) and (b) shows the distribution of project awards for different project types 

in the Bridge and Road work categories. It can be observed that, for Bridge work, bridge 

Replacement and New Bridge are the most expensive projects. For Road work, New Road 

Construction is the most expensive project type. 

 
(a) Bridge work 

 
(b) Road work 

Figure 3.12 Number of Projects by Project Award for Different Project Types 

 

3.1.8.3 Pay-item Level 

At the pay-item level, the project cost is given in terms of the detailed cost of each constituent pay 

item in the project. In this dissertation, the pay-item cost is used in a subsequent chapter to quantify 

the similarity between different project types: projects that share more common pay items have 
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higher similarity or are more compatible to each other. In Chapter 5, the similarity between each 

pair of project types is calculated based on the distribution of pay-item cost using several different 

approaches. In the study dataset, after merging the pay-item dataset with the contract dataset and 

removing item 104 (design/build), there was of total 6,175 different pay items, each with a unique 

“Item Nr” (e.g., 110-01001: Mobilization and Demobilization). These pay items can be grouped 

into 8 item sections (i.e., Sec 100, Sec 200, ….., Sec 800), and 119 item subsections. Figure 3.13 

presents, by item section, the counts of all the pay items for all the projects in a certain work 

category. For different project types, the composition of pay items can vary greatly.  

 

Figure 3.13 Compositions of Pay Items for Projects in Different Work Categories 
 

In addition, data at the pay-item level provides a way to analyze the bundling effect on a 

certain pay item. In this dissertation, we are interested to see how the maintenance of traffic (MOT) 

cost is affected by project bundling. The MOT-related pay items (identified with assistance from 

INDOT) are listed in Table 3.5. The “pay-item contribution” is the ratio of the total cost of the pay 

item in the contract to the total contract cost. It was found that Mobilization and Demobilization 

costs were capped at 5% of the overall total contract cost in Indiana (Hanna et al., 2007). A 

comprehensive analysis of MOT for different work types is conducted in the subsequent chapters. 
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Table 3.5 List of MOT-Related Pay Items 

Main 
Sec. Section Item Description Unit 

Pay Item 
Contribution 

100 110 110-01001 Mobilization And Demobilization LS 5.13% 

300 303 303-08210 
Compacted Aggregate No. 53 Temporary 
For Driveways TON 0.41% 

400 402 402-10083 HMA For Temporary Pavement, A TON 1.01% 
400 402 402-10084 HMA For Temporary Pavement, B TON 2.53% 
400 402 402-10086 HMA For Temporary Pavement, C TON 3.25% 
400 402 402-10087 HMA For Temporary Pavement, D TON 4.22% 
600 601 601-02205 Temporary Guardrail Transition, Tgb EACH 0.04% 

600 601 601-02206 
Temporary Guardrail, W Beam, 6ft-3 In 
Spacing LFT 0.36% 

600 601 601-97080 Temporary Guardrail End Treatment, Os EACH 0.27% 
700 713 713-04509 Temporary Pipe LS 3.32% 
700 713 713-04643 Temporary Access Lane LS 2.76% 
700 713 713-04858 Temporary Bridge LS 3.56% 
700 713 713-11199 Temporary Pipe LFT 0.20% 
700 713 713-51334 Temporary Pipe and Approaches LS 4.25% 
700 713 713-51335 Temporary Bridge and Approaches LS 10.79% 
700 713 713-91028 Temporary Runaround LS 3.92% 

700 713 713-99365 
Guardrail, W Beam 6.3 Ft Spacing 
Temporary Bridge Approaches LFT 0.33% 

800 801 801-06775 Maintaining Traffic   4.20% 

800 808 808-01428 
Temporary Transverse Markings White 
Stop Line 24 Inches LFT 0.05% 
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 HISTORY OF BUNDLING PRACTICES AND 
STRATEGIES IN INDIANA 

This chapter evaluates past project bundling practices in INDOT’s past projects. This was done at 

contract level and also at project level. At the contract level, all combinations of project work 

category/project type in the previous bundled contracts are presented. The project level analysis 

described, for each project type, how often a project is bundled with the same or different project 

type.  

4.1 Contract-Level Bundling Combinations 

Table 4.1 presents all 32 combinations of work categories in the study dataset.  It can be observed 

from the table that 23.7% of all the bundled contracts are from contracts containing only Bridge 

work, and 22% are from contracts containing only Road work. The most common bundling 

combinations for bundled contracts containing different work categories are Bridge with Road 

work (13.3%), Road with Traffic work (6.8%), Bridge with Road and Traffic work (4.8%), and 

Bridges with Small-structures work (3.5%). 

Table 4.1 Combinations of Work Categories in all the Bundled Contracts 
Counts Percent Bundling Combination 

Work 1 Work 2 Work 3 Work 4 Work 5 
309 23.7% Bridge     
287 22.0% Road 

    

174 13.3% Bridge Road 
   

112 8.6% Small-structures 
    

89 6.8% Traffic Road 
   

62 4.8% Bridge Traffic Road 
  

59 4.5% Traffic 
    

45 3.5% Bridge Small-structures 
   

37 2.8% Miscellaneous 
    

26 2.0% Small-structures Road 
   

22 1.7% Miscellaneous Road 
   

15 1.2% Road Utility 
   

10 0.8% Bridge Miscellaneous 
   

9 0.7% Bridge Traffic Road Utility 
 

8 0.6% Bridge Small-structures Road 
  

5 0.4% Bridge Miscellaneous Road 
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Table 4.1 continued 

5 0.4% Traffic Road Utility 
  

4 0.3% Bridge Traffic 
   

4 0.3% Traffic Small-structures Road 
  

3 0.2% Bridge Road Utility 
  

3 0.2% Bridge Traffic Miscellaneous Road 
 

3 0.2% Bridge Utility 
   

3 0.2% Traffic Miscellaneous Road 
  

2 0.2% Traffic Utility 
   

1 0.1% Miscellaneous Road Small-structures 
  

1 0.1% Bridge Traffic Small-structures Road Utility 
1 0.1% Small-structures Road Utility 

  

1 0.1% Traffic Miscellaneous 
   

1 0.1% Bridge Small-structures Miscellaneous 
  

1 0.1% Small-structures Utility 
   

1 0.1% Miscellaneous Utility 
   

1 0.1% Bridge Traffic Utility 
  

 

A similar analysis was carried out based on project type, and the results are presented in 

Table 4.2. There is a total of 323 different combinations of project types in all the bundled contracts, 

but only the most common combinations (those that occur more than 5 times) are presented in 

Table 4.2 due to limited space. A contract with R4-Partial 3 only is the most frequent bundling 

combination (13.89%) among all bundled contracts, followed by B8-Misc. Bridge Rehab & Repair 

(6.64%). Some common combinations with different project types in bundled contracts include 

B1-New Bridge with R1-New Road Construction (3.16%), R12-Intersection Improvement with 

T3-Traffic Signals (2.61%), B1-New Bridge with R1-New Road Construction and T2-Signing 

(1%), B4-Bridge Replacement with R5-Road Rehabilitation (3R/4R) (0.85%), and B6-Bridge 

Deck Overlay with B8-Misc. Bridge Rehab & Repair (0.77%). The full table can be found in the 

Appendix (Table A.1) for all the 323 different combinations. 
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Table 4.2 Combination of Project Types in All Bundled Contracts (with Frequency >=4) 
Nr of 

Bundled 
Contracts 

Percent Project Type 1 Project Type 2 Project Type 3 

180 13.89% R4-Partial 3   
86 6.64% B8-Misc. Bridge Rehab & Repair   
68 5.25% B6-Bridge Deck Overlay   
61 4.71% S1-Pipe Lining   
44 3.40% S2-Small Structure Installation   
41 3.16% B1-New Bridge  R1-New Road Construction  

29 2.24% M5-Paths, Sidewalks & Curb 
Ramps    

29 2.24% B7-Thin Deck Overlay   
26 2.01% T3-Traffic Signals   
24 1.85% R3-Patch & Rehab Pavement   
18 1.39% B2-Bridge Replacement   
34 2.62% T3-Traffic Signals  R11-Intersection Improvement  
17 1.31% B4-Deck Replacement   

13 1.00% B1-New Bridge  T2-Signing  R1-New Road 
Construction 

12 0.93% T2-Signing   
12 0.93% R5-Road Rehabilitation (3R/4R)   
12 0.93% R10-Pavement Replacement   
11 0.85% B3-Superstructure Replacement   
11 0.85% R1-New Road Construction   
11 0.85% B2-Bridge Replacement  R5-Road Rehabilitation (3R/4R)  
10 0.77% B8-Misc. Bridge Rehab & Repair  B6-Bridge Deck Overlay  
10 0.77% R11-Intersection Improvement   
9 0.69% B8-Misc. Bridge Rehab & Repair  B7-Thin Deck Overlay  
8 0.62% M2-Channel and Ditch Work   
8 0.62% R10-Pavement Replacement  R4-Partial 3  
8 0.62% S1-Pipe Lining  R4-Partial 3  
8 0.62% B4-Deck Replacement  B6-Bridge Deck Overlay  
7 0.54% B8-Misc. Bridge Rehab & Repair  R5-Road Rehabilitation (3R/4R)  
7 0.54% B6-Bridge Deck Overlay  R4-Partial 3  
7 0.54% S1-Pipe Lining  S2-Small Structure Installation  
7 0.54% B2-Bridge Replacement  S2-Small Structure Installation  
6 0.46% T1-ITS   
6 0.46% M4-Slide Correction   
6 0.46% U2-Utility Relocation  R5-Road Rehabilitation (3R/4R)  
5 0.39%  R9-Pavement, Other    
5 0.39% T3-Traffic Signals  R5-Road Rehabilitation (3R/4R)  
5 0.39% B8-Misc. Bridge Rehab & Repair  R4-Partial 3  
5 0.39% B1-New Bridge   
5 0.39% R12-Interchange Work  T2-Signing  
5 0.39% R10-Pavement Replacement  U2-Utility Relocation  
5 0.39% B1-New Bridge  R5-Road Rehabilitation (3R/4R)  

 

Table 4.3 presents the observed combinations of lead project and kin projects in all the past 

bundled contracts. Of the 692 bundled Road contracts (contracts with Road lead project), it was 

found that 36.27% of the Road contracts contain kin projects from the Bridge work category, 48.41% 
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contain kin projects from the Road work category, 26.01% contain kin projects from the Traffic 

work category, 6.07% contain Small-structures work, 4.77% contain Miscellaneous work, and 5.20% 

contain Utility work. For Road contracts, more than half of the contracts contain kin projects from 

a non-road work category. For contracts with lead project in the other (non-Road) work categories, 

the majority contracts were bundled with kin projects from the same work category.  

 

Table 4.3 Combination of Lead Project and Kin Projects in All Bundled Contracts 

Work Category 
of Lead Project 

Nr of 
Bundled 
Contracts 

Percentage of Contracts with Kin Project from Work Category 
Bridge Road Traffic Small-

structures 
Miscell-
aneous 

Utility 

Bridge 364 89.56% 5.49% 1.10% 8.24% 1.92% 0.82% 
Road 692 36.27% 48.41% 26.01% 6.07% 4.77% 5.20% 
Traffic 66 4.55% 3.03% 96.97% 0.00% 1.52% 3.03% 
Small-structures 129 12.40% 1.55% 0.00% 92.25% 0.78% 2.33% 
Miscellaneous 41 12.20% 4.88% 0.00% 0.00% 82.93% 2.44% 
Utility 1 0.00% 0.00% 100.00% 0.00% 0.00% 100.00% 

 

4.2 Project-Level Bundling Combinations 

At the project level, the dissertation evaluated, for each project type, how a project is bundled with 

other project types by counting the frequency at which projects are bundled with all same project 

type (or work category) and with different project types (or work categories). The results are 

presented in Table 4.4 for each project type. Of the eight bridge project types, B3, B4, B6, B7 and 

B8 were more likely to be bundled in contract containing all same project types (or with all same 

work category). Of the Road project types, only R3, R4, R6 and R7 were more often to be bundled 

with same project type (or same work category), while other Road project types were more likely 

to be bundled in contracts containing multiple types or categories. Of the Traffic work, only T1-

ITS was more likely to be bundled with same project type/work category. For Miscellaneous and 

Small-structure work, M2, M4 and S2 were more likely to be bundled in contract containing only 

one project type/work category. 
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Table 4.4 Number of Projects Bundled with Same/Different Project Type/Work Categories  

Project Type 
Nr of 

Bundled 
Projects 

Project Type Bundling Work Category 
Bundling 

Bundled 
with All 

Same 
Project 
Type 

Bundled 
with 

Different 
Project 
Types 

Bundled 
with All 

Same 
Work 

Category 

Bundled 
with 

Different 
Work 

Categories 
B1-New Bridge  328 5.18% 94.82% 4.57% 95.43% 
B2-Bridge Replacement  205 26.34% 73.66% 13.66% 86.34% 
B3-Superstructure Replacement  59 67.80% 32.20% 40.68% 59.32% 
B4-Deck Replacement  98 70.41% 29.59% 42.86% 57.14% 
B5-Bridge Widening  79 18.99% 81.01% 5.06% 94.94% 
B6-Bridge Deck Overlay  412 61.89% 38.11% 45.15% 54.85% 
B7-Thin Deck Overlay  276 71.38% 28.62% 42.75% 57.25% 
B8-Misc. Bridge Rehab & Repair  767 80.05% 19.95% 66.75% 33.25% 
R1-New Road Construction  104 4.81% 95.19% 1.92% 98.08% 
R2-Added Travel Lanes  67 17.91% 82.09% 13.43% 86.57% 
R3-Patch & Rehab Pavement  112 94.64% 5.36% 83.93% 16.07% 
R4-Partial 3  683 83.89% 16.11% 79.21% 20.79% 
R5-Road Rehabilitation (3R/4R)  111 16.22% 83.78% 12.61% 87.39% 
R6-Wedge & Level Only  11 90.91% 9.09% 90.91% 9.09% 
R7-Sight Distance Correction  10 80.00% 20.00% 10.00% 90.00% 
R8-Shoulder Rehab & Repair  2 50.00% 50.00% 0.00% 100.00% 
R9-Pavement, Other  25 64.00% 36.00% 56.00% 44.00% 
R10-Pavement Replacement  107 30.84% 69.16% 15.89% 84.11% 
R11-Intersection Improvement  101 28.71% 71.29% 17.82% 82.18% 
R12-Interchange Work  37 8.11% 91.89% 5.41% 94.59% 
T1-ITS  29 82.76% 17.24% 82.76% 17.24% 
T2-Signing  159 28.30% 71.70% 22.64% 77.36% 
T3-Traffic Signals  209 39.71% 60.29% 35.89% 64.11% 
T4-Pavement Markings  18 55.56% 44.44% 33.33% 66.67% 
T5-Guard Rail, Cable Barrier & Wall  16 50.00% 50.00% 31.25% 68.75% 
T6-Lighting  24 37.50% 62.50% 33.33% 66.67% 
M1-Demolition  7 0.00% 100.00% 0.00% 100.00% 
M2-Channel and Ditch Work  43 76.74% 23.26% 76.74% 23.26% 
M3-Stormwater Improvements  7 0.00% 100.00% 0.00% 100.00% 
M4-Slide Correction  25 76.00% 24.00% 76.00% 24.00% 
M5-Paths, Sidewalks & Curb Ramps  78 56.41% 43.59% 56.41% 43.59% 
S1-Pipe Lining  289 85.12% 14.88% 75.78% 24.22% 
S2-Small Structure Installation  184 53.80% 46.20% 47.28% 52.72% 
S3-Small Str. Maintenance & Repair  43 46.51% 53.49% 30.23% 69.77% 
U1-Railroad Work  3 0.00% 100.00% 0.00% 100.00% 
U2-Utility Relocation  54 0.00% 100.00% 0.00% 100.00% 
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To demonstrate how the project unit cost is affected by different work combinations, the 

average cost approach was applied to obtain, for each project type, the average unit cost of projects 

bundled with same work category and those bundled with different work categories. The analysis 

was carried out for Bridge and Road work only because adequate observations of bundled projects 

were available for those work categories. The results are shown in Table 4.5 and Figure 4.1.  

For Bridge work, the average unit cost of projects bundled with the same work category is 

significantly higher than those bundled with different work categories for project types B3-

Superstructure Replacement, B4-Deck Replacement, B6-Bridge Deck Overlay, B8-Misc. Bridge 

Rehab & Repair. For Road projects (except R8-Shoulder Rehab & Repair), a significant difference 

was found between the unit cost of projects bundled with projects in the same work categories and 

those with different work categories. The analysis results suggest that, for Road work, a project 

that is bundled with same work category, on average, has a much lower unit cost compared to one 

bundled with different work categories.  

Table 4.5 Unit Cost Comparison 

Project 
Type 

Unit Cost Unit Cost Unit 
Bundled with 
Same Project 

Type 

Bundled with 
Different Project 

Types 

Bundled with 
Same Work 

Category 

Bundled with 
different Work 

Categories 
B1  $237   $236   $230   $237  $/sqft 
B2  $607   $667   $721   $640  $/sqft 
B3  $649   $902   $261   $1,053  $/sqft 
B4  $172   $576   $131   $400  $/sqft 
B5  $450   $203   $251   $251  $/sqft 
B6  $127   $425   $92   $363  $/sqft 
B7  $65   $155   $81   $99  $/sqft 
B8  $34   $132   $31   $100  $/sqft 
R1  $1,167,850   $28,698,283   $919,155   $27,694,104  $/lane-mile 
R2  $949,937   $5,387,681   $982,595   $5,138,720  $/lane-mile 
R3  $326,540   $736,513   $359,744   $299,820  $/lane-mile 
R4  $2,535,567   $617,104   $777,197   $7,712,299  $/lane-mile 
R5  $1,531,042   $1,924,192   $1,369,279   $1,927,978  $/lane-mile 
R6  $408,800   $539,949   $408,800   $539,949  $/mile 
R7  $1,122,285   $3,491,374   $1,959,617   $1,609,891  $/mile 
R8  $379,632   $95,227    NA    $237,430  $/mile 
R9  $46,089   $359,782   $46,089   $359,782  $/lane-mile 
R10  $1,077,434   $2,811,428   $1,311,880   $2,470,570  $/lane-mile 
R11  $936,783   $2,232,916   $628,896   $2,015,828  $/site 
R12  $230,910   $11,519,930   $230,910   $11,519,930  $/ site 
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(a) Bridge Work 

  
(b) Road work 

Figure 4.1 Unit Cost Comparison Results for Past Bundled Bridge and Road Contracts 
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4.3 Chapter Summary 

This chapter summarized and evaluated past bundling strategies. At the contract level, bundling 

combinations of project types (or work categories) in all the bundled contracts were extracted from 

the dataset. Some most common combinations of different work categories include Bridge with 

Road work, Traffic with Road work, Bridge with Traffic and Road work, and Bridge with Small-

structures work. In addition, the most common combinations of different project types in a contract 

bundle were: New Bridge with New Road, Intersection Improvement with Traffic Signals, New 

Bridge with New Road Construction and Signing, Bridge Replacement with Road Rehabilitation 

(3R/4R), Bridge Deck Overlay with Misc. Bridge Rehab & Repair. 

At a project level, investigations were conducted on whether a project is more likely to be 

bundled with same project type (work category) or with different project types (work categories). 

The average unit costs of projects bundled with the same work category and with different work 

categories for Bridge and Road work were compared. The results indicate a significant difference 

between the unit costs: the average unit cost of projects bundled with same project type/work 

category is significantly lower than projects bundled with different project type/work category, 

particularly for Road work. However, according to past bundling strategies (Table 4.3), Road work 

were more likely to be bundled with dissimilar projects. This suggests that there could be 

significant benefits in bundling Road projects if projects that are more compatible/similarity are 

bundled together, if possible. 

 

  



79 
 

 PROJECT SIMILARITY ANALYSIS AND 
QUANTIFICATION 

The similarity between the project types is an important consideration in several contexts of project 

management including project bundling. Projects that involve similar materials and resources can 

generally be considered compatible and thus are prime candidates for specific management 

applications such as simultaneous delivery through project bundling. Unfortunately, there is no 

universally accepted, robust and quantitative measure of project similarity. This chapter presents 

a methodology to quantify the similarity between different project types, based on their constituent 

pay items. Two project types are considered similar to each other if they share more common pay 

items.  

This Chapter starts with calculating the pay item cost distribution for each project type, and 

establishing a pay item composition matrix; Then, based the established composition matrix, the 

paper carries out the following tasks: (1) Cluster analysis to compare the clustering results and the 

predefined project work categories; (2) Quantifying similarity or similarity distance between each 

pair of projects, and developing a project similarity/similarity distance matrix; (3) Calculating the 

average similarity distance (ASD) among several projects in the bundled contracts. 

5.1 Modeling Methodology 

5.1.1 Composition of Pay Items 

The project similarity is quantified based on the composition of pay items in a project. The 

composition of pay items is defined as the ratio of the (dollar) contribution of each pay item to the 

total cost of the project. For a given project type, the pay-item composition is calculated as the 

average cost share (percentage) of a pay item for all the projects in that project type. The detailed 

steps of establishing a pay-item composition matrix are shown as follows:  

1. For each constituent project i in project type j, calculate the percentage of each pay item k in 

the project by dividing the total cost of each pay item by the project award.  

𝑃",$,% =
'(),*,%
+,),-

																		for	𝑘 = 1,2… .𝑁, 𝑖 = 1,2… , 𝑛%, and	𝑗 = 1,2… ,𝑀 Equation 5.1 

where	𝑃",$,%	is	the	percentage	of	pay	item	k	in	project	𝑗; 
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𝐼𝐶",$,%	is	the	cost	of	pay	item	𝑘	in	project	𝑖;	 

𝑃𝐴",%is	the	total	cost	of	project	𝑖; 

𝑛%	is	total	number	of	constituent	projects	in	project	type	𝑗; 

𝑀	is	the	total	number	of	project	type; 

𝑁	is	the	total	number	of	pay	items. 

2. For each project type j, calculate the average percentage of each pay item for each project type 

by dividing the sum of the percentage of the item (𝑃",$  calculated in the first step) for all 

projects in project type j, by the number of projects that belong to project type j (𝑛%).  

𝑅%,$ =
∑ +),*,-
U-
)VW
X-

		for	𝑘 = 1,2… .𝑁, and	𝑗 = 1,2… ,𝑀	 	 	 	 Equation 5.2	

where	𝑅%,$	is	the	average	percentage	of	pay	item	𝑘	for	project	type	𝑗. 

3. Establish a pay item composition matrix, in which row i represents the composition of all the 

pay items for project type i, and cell (i, j) represents the average percentage of pay item j in 

project type i. 

5.1.2 PCA Analysis and Cluster Analysis  

5.1.2.1 PCA Analysis 

Principal component analysis (PCA) is a non-parametric statistical technique used to identify the 

underlying structure of a set of variables through examining the interrelations among those 

variables (Ringnér, 2008) It converts potentially correlated variables into a set of values 

of independent variables (called principal components) through an orthogonal transformation. The 

first principal component obtained through PCA transformation has the largest possible variance 

(i.e., it accounts for as much of the variability in the original data as possible), and each succeeding 

component accounts for the largest possible variability in the remaining data conditional on that it 

is orthogonal to the preceding components. The number of distinct principal components is equal 

to the smaller of the number of original variables or the number of observations minus one. In our 

analysis, the pay-item composition matrix established contains 36 observations (project types) and 

119 variables (pay items), and therefore has 35 principal components. Each principal component 

is a linear combination of the original variables, as shown in Equation 5.3.  

𝑃𝐶" = 𝑐"[ ∗ 𝑥[ + 𝑐"_ ∗ 𝑥_ …+ 𝑐"X ∗ 𝑥X      Equation 5.3 
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where PCb is the ith principal component; 𝑥%is the jth variable; 𝑐"% is the coefficient (loadings) of 𝑥% 

for PCb . The variables with large coefficients (loadings) in the equation are considered more 

important to the principal component i under considertaion. 

PCA is a popular dimension reduction technique to preprocess data before modeling. It can 

effectively address the issue of overfitting, and it is particularly helpful when the variables in the 

original dataset are highly correlated. In this dissertation, however, most of the 119 pay item 

variables are not significantly correlated, therefore dimension reduction might not be necessary 

prior to the cluster analysis, and can cause a loss of important information. The PCA was therefore 

used for the purpose of data visualization, to project the original data into a two-dimensional space 

(the first two principal components pc1 and pc2) and to show how the 36 project types are clustered 

on the two most important principal components. However, if a higher dimension pay item data is 

used, PCA is usually necessary to reduce the dimension before cluster analysis because method 

such as K-means is not suitable for very high dimensional data (Ding et al. 2002; Napoleon and 

Pavalakodi, 2011). 

5.1.2.2 Cluster Analysis 

Cluster analysis refers to grouping a set of objects such that the objects in the same group (cluster) 

are similar to each other and dissimilar to objects in other groups (Kaufman and Rousseeuw, 

2009). In the study dataset, the projects were placed in six work categories: Bridge, Road, Traffic, 

Miscellaneous, Small-structure and Utility. Cluster analysis was used to investigate how projects 

are clustered based on the similarity of their pay-item compositions, and the results were compared 

with the predefined work categories. Two popular clustering algorithms (K-means clustering or 

centroid clustering and Ward’s (hierarchical) clustering) were applied.  

The k-means algorithm clusters data by assigning elements of N samples X (𝑥[, 𝑥_, …, 𝑥X) 

to k (≤ n) disjoint clusters C, each described by mean 𝜇" of the cluster samples (also called cluster 

centroids). The K-means algorithm chooses centroids that minimize the variance or within-cluster 

sum of squares (WCSS), as shown in Equation 5.4.  

𝑎𝑟𝑔𝑚𝑖𝑛h ∑ ∑ ij𝑥% − 𝜇"ji
_

l-m()
$
"n[ = 𝑎𝑟𝑔𝑚𝑖𝑛h ∑ |𝑆"|𝑉𝑎𝑟(𝐶")$

"n[    Equation 5.4 

where 𝜇"	is the mean of points in cluster 𝐶" and 𝑥% is the jth observation in cluster 𝐶". 
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One of the biggest disadvantages of k-means clustering is that it requires the number of 

clusters to be specified in advance. However, finding the optimal number of clusters is not a trivial 

task (Hartigan and Wong, 1979). Hierarchical clustering is an alternative approach to centroid 

clustering, which builds a hierarchy from the bottom-up, without requiring advance specifications 

of the number of clusters. Ward’s method is a widely-used hierarchical clustering algorithm that 

aims at building a hierarchy of clusters (Murtagh and Legendre, 2014). Ward’s method defines the 

distance between two clusters A and B as the increase in sum of squares when the clusters are 

merged (as shown in Equation 5.5). The algorithm starts out with zero sum of squares with each 

point in a cluster of its own, and then keeps merging the closest pair of clusters until there is only 

one cluster. The output of Ward’s method is a hierarchical tree of clusters that minimizes the 

increased sum of square within the clusters due to the merging of the clusters.  

∆(𝐴, 𝐵) = 	∑ j|�⃗�" − 𝑐,∪x|j
_ −"∈,∪x ∑ j|�⃗�" − 𝑐,|j

_ −"∈, 	∑ j|𝑥" − 𝑐x|j
_ − XzX{

Xz|X{
j|𝑐, − 𝑐x|j

_
"∈x   

Equation 5.5 

where ∆(𝐴, 𝐵) is the increased sum of squares by combining the clusters A and B; x~⃗ b is the ith 

observation in a cluster; 𝑐,, 𝑐x, 𝑐,∪𝐵 are the centers of cluster A, cluster B and the merged cluster 

𝐴 ∪ 𝐵, respectively; and 𝑛,  and 𝑛x  are the number of observations in cluster A and cluster B, 

respectively. 

5.1.3 Quantifying the Similarity between Two Project Types 

The use of cluster analysis helps group project types into different clusters and can reveal how 

close each cluster is to each other. Then the similarity between each pair of project types were 

quantified using two approaches: (a) based on the common pay items and (b) based on the distance 

between two points (project types) in the high-dimensional space (this distance is defined as 

“similarity distance” in this dissertation).  

5.1.3.1 Common Pay Items between Projects of Different Types 

A straightforward way to quantify the similarity between two project types is to count the number 

of distinct pay items they share in common. Based on the pay-item composition matrix, the 

similarity between two project types i and j can be measured using the number of their common 

pay items divided by the total number of pay items of for the two project types (for normalization), 

as shown in Equation 5.6. Pay items with less than 1% cost contribution are considered negligible 
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for a project, therefore only the pay items with percentage value greater than 1% are considered in 

this calculation. 

𝑆	�𝑅"., 𝑅%.� =
(�(�).,�-.)
h�(�).,�-.)

        Equation 5.6 

where 𝑆	�𝑅"., 𝑅%.�	is the calculated similarity between project i and project j; 

𝐶𝑚�𝑅"., 𝑅%.�	is the number of common pay items for project type i and project type j (where 𝑅"$>1% 

and 𝑅%$>1% for i=1,2….N); 

𝑆𝑚�𝑅"., 𝑅%.�	is the total number of pay items for project type i and project type j (where 𝑅"$>1% 

or 𝑅%$>1% for i=1,2….N). 

5.1.3.2 Similarity “Distance” between Two Project Types 

Using the number of common pay items to measure project similarity is straightforward and 

convenient but fails to account for the actual percentage of a pay item in a project. For example, 

assuming the pay items compositions for three project types A, B, C (as shown in Table 5.1) are: 

Type A (80% pay item 1; 10% pay item 2 and 10% pay item 3), Type B (80% pay item 1; 20% 

pay item 2 and 0% pay item 3) and Type C (0% pay item 1; 20% pay item 2 and 80% pay item 3).  

Table 5.1 Hypothetical Compositions of Pay Items for Project Types i, j, k. 

Project Type Pay Item 1 Pay Item 2 Pay Item 3 
Type i 80% 10% 10% 
Type j 80% 20% 0% 
Type k 0% 20% 80% 

 

Based on the approach of counting common items (Equation 5.6), the similarity between 

projects A and B and the similarity between A and C are both 2/3 (𝐶𝑚�𝑅"., 𝑅%.� = 𝐶𝑚(𝑅"., 𝑅$.) =

2; 	𝑆𝑚�𝑅"., 𝑅%.� = 𝑆𝑚(𝑅"., 𝑅$.) = 3). However, according to the actual distribution of the pay 

items in Table 5.1, project type A is much more similar to project type C than it is to project type 

B. This dissertation therefore proposes a superior way of quantifying the similarity by measuring 

the high-dimensional distance between two project types. In the hypothetical example where there 

are only 3 pay items, the pay-item compositions for the three project types can be visualized in a 

three-dimensional space (Figure 5.1(a)). When the closeness between two projects (two points in 
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the 3-dimensional space) is used as the measure of project similarity, project A and project B are 

much more similar to each other than they are to project C. 

      
(a) Pay Item Compositions    (b) Average Similarity Distance (ASD) 

Figure 5.1  Illustration of the Pay Item Compositions and Similarity Distance for Three 
Hypothetical Project Types in 3-Dimensional Space (3 Pay Items) 

 

There are several different ways to calculate the distance between two vectors. In general, 

in an n-dimensional vector space, the Minkowski distance (Minkowski, 1910) of p order between 

vector X (𝑥[, 𝑥_ … , 𝑥X) and vector Y (𝑦[, 𝑦_ … , 𝑦X) is defined in Equation 5.7: 

𝑑�(𝑋, 𝑌) = (∑ (𝑥"�
$n[ − 𝑦b)�)[/�       Equation 5.7 

where 𝑑�(𝑥, 𝑦) is the p-norm distance between X and Y. 

In real life, the p-norm is rarely used for values of p other than 1, 2, and infinity. The 1-

norm distance is also called grid-norm distance because it gives the distance of traveling between 

two points in directed grids. Mathematically, it calculates the sum of the differences of two vectors 

along each coordinate dimension. The 2-norm distance or Euclidean distance is the most intuitive 

idea of distance, which measures the straight-line distance between two points. The infinity-norm 

distance is the greatest of the differences of two vectors along any coordinate dimension (Meyer, 

2000). In this dissertation, the three types of distance (1-norm, 2-norm and infinity-norm) were 

calculated and compared. The measure of project similarity is thus defined as “similarity distance”. 

Equations 5.8-5.10 show how to calculate these distances based on the established pay item 

composition matrix.  

𝑑[�𝑅"., 𝑅%.� = 𝑑[�𝑅%., 𝑅".� = ∑ |𝑅",$�
$n[ − 𝑅%,�|     Equation 5.8 

Project Type A 

Project Type C 

Project Type B 

Central Point 
Project 

Type A 

Project Type C 

Project Type B 
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𝑑_�𝑅"., 𝑅%.� = 𝑑_�𝑅%., 𝑅".� = (∑ (𝑅",$�
$n[ − 𝑅%,$)_)[/_		    Equation 5.9 

𝑑��𝑅"., 𝑅%.� = 𝑑��𝑅%., 𝑅".� = 	 𝑙𝑖𝑚�→��∑ (𝑅",$�
$n[ − 𝑅%,$)��

W
�  = 𝑚𝑎𝑥	(|𝑅",[ − 𝑅%,[|, |𝑅",_ −

𝑅%,_|, … , |𝑅",X − 𝑅%,X|)	        Equation 5.10 

where i and j are project type i and project type j respectively, 𝑖, 𝑗 ∈ [1,𝑀]; 

k is Pay Item k, 𝑘 ∈ [1, 𝑁]; 

𝑅". and 𝑅%. are the ith and the jth rows, respectively, in the matrix in Table 5.2(b) (representing a 

vector containing the percentage of each pay item in a project); 

𝑅"$ and 𝑅%$ are kth column in the ith and the jth rows, respectively, in the matrix in Table 2(b) 

(representing the percentage of pay item k in a project); 

𝑑[�𝑅", 𝑅%� represents the 1-norm distance between project type i and project type j; 

𝑑_�𝑅", 𝑅%� represents the 2-norm (Euclidean distance) between project type i and project type j; 

𝑑��𝑅", 𝑅%� represents the infinity norm distance between project type i and project type j. 

 

5.1.3.3 Quantifying Similarity between Multiple Projects in Bundled Contract 

An advantage of using the similarity distance approach is that it can be easily applied to measure 

the similarity among multiple projects. The same example is used here to illustrate the average 

similarity distance between the three projects (assuming they are bundled in a contract) in a 3-

dimensional space (3 pay items). As shown in Figure 5.1(b), the average similarity distance 

between the three project types A, B and C are the total length of the three straight dashed lines (if 

Euclidian distance is used) divided by 3. As shown in Equation 5.11, we define the average 

similarity distance (ASD) between multiple projects as the average distance between each project 

to the central point of these projects (𝐶%. in Equation 5.12).  

𝐶%. =
[

�+(��-)
(	∑ 𝑅",["∈��- , ∑ 𝑅",_"∈��- … , ∑ 𝑅",�"∈��- )     Equation 5.11 

𝐴𝐷%. =
∑ ���(-.,�),.�)∈��-

X�
         Equation 5.12 

where	C�. is a vector representing the central point of all the projects in the bundled contract j; 

𝑅",$ is the kth column in the ith row in the pay-item composition matrix (for k =1,2….N); 

𝑏𝑐$ is a vector containing the project type indeces (first column in Table 2(b)) of all the projects 

in a bundled contract j; 
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N is the total number of pay items in the pay-item composition matrix. 

np is the total number of projects in the contract. 

𝑁𝑃�𝑏𝑐%�	 is the number of projects in a bundled contract j. 

AD�.	 is the average distance between all projects in a bundled contract j. 

𝑑��𝐶%., 𝑅",.� is the p-norm distance between 𝐶%.	and 𝑅",.. 

 

5.1.4 Establishing a Pay-item Composition Matrix 

The analysis starts with establishing the pay-item composition matrix using the proposed approach. 

Table 5.2 (a) presents two samples of the compositions of pay items that have at least one percent 

of project cost, where the average percentage (%) is the calculated value for R�,� in Equation 5.2. 

This represents the cost contribution of a pay item k to the total project cost, for each project type 

j. The pay-item composition matrix (with 36 rows (project types) and 119 columns (pay items)) 

was then established, an excerpt of which is shown in Table 5.2(b). Each row represents the 

average percentage of each pay item for a certain project type. For example, for “B1-New Bridge”, 

an average of 0.81% of the total project cost (project award) is from Item 105. 
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Table 5.2 Results of Pay-Item Composition 
(a) Compositions of pay items (with percentage >=1%) 

Bridge Work (B1-New Bridge) 
Pay Item 707 704 723 703 211 701 731 702 110 
Avg. Percent (%) 14.33 13.13 9.14 8.97 8.62 7.84 6.30 6.15 3.49 
Item Sub 203 711 616 706 609 714 202 707  
Avg. Percent (%) 3.33 2.55 2.43 1.95 1.90 1.83 1.27 14.33  

Road Work (R1-New Road Construction) 
Pay Item 203 401 501 110 211 207 715 201 205 302 714 105 
Avg. Percent (%) 21.35 13.28 8.59 5.42 3.65 3.55 3.42 2.78 2.67 2.65 2.57 2.18 
Item Sub 202 801 621 503 303 301 731 402 215 718 616 601 
Avg. Percent (%) 2.17 2.04 1.74 1.70 1.67 1.61 1.61 1.57 1.42 1.36 1.34 1.00 

(b) Sample of the calculated pay-item composition matrix  
Pay Item (Item Sub) 

Project 
Type 

105 107 108 109 110 111 113 201 …… 809 

B1 0.81% 0.00% 0.00% 0.00% 3.49% 0.00% 0.01% 0.40% …… 0.00% 
B2 1.02% 0.00% 0.00% 0.00% 5.31% 0.00% 0.00% 1.26% …… 0.00% 
B3 0.56% 0.00% 0.00% 0.00% 4.42% 0.00% 0.00% 0.57% …… 0.00% 
B4 0.79% 0.00% 0.00% 0.00% 4.24% 0.00% 0.00% 0.59% …… 0.00% 
B5 0.78% 0.00% 0.00% 0.00% 3.84% 0.00% 0.00% 1.29% …… 0.00% 
B6 0.74% 0.00% 0.00% 0.00% 4.00% 0.00% 0.01% 0.76% …… 0.04% 
B7 0.95% 0.00% 0.00% 0.00% 4.03% 0.00% 0.00% 0.53% …… 0.09% 
B8 0.82% 0.00% 0.01% 0.00% 5.66% 0.00% 0.00% 1.37% …… 0.01% 
R1 2.18% 0.01% 0.02% 0.00% 5.42% 0.01% 0.06% 2.78% …… 0.00% 
R2 1.47% 0.17% 0.01% 0.00% 5.71% 0.00% 0.04% 1.85% …… 0.00% 
R3 1.28% 0.06% 0.00% 0.06% 4.18% 0.00% 0.00% 0.06% …… 0.00% 
R4 0.66% 0.00% 0.00% 0.01% 4.60% 0.00% 0.00% 0.04% …… 0.00% 
R5 1.25% 0.01% 0.03% 0.00% 4.57% 0.02% 0.03% 1.42% …… 0.00% 
R6 1.09% 0.00% 0.00% 0.00% 4.14% 0.00% 0.00% 0.00% …… 0.00% 
R7 2.91% 0.00% 0.00% 0.00% 4.59% 0.00% 0.12% 1.77% …… 0.00% 
R8 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% …… 0.00% 
R9 1.23% 0.00% 0.00% 0.00% 4.42% 0.00% 0.00% 0.45% …… 0.01% 

…… 
…… 

 

U2 0.003 0 0 9E-06 0.051 0 0 0.003 …… 0.00% 
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5.2 Results of the PCA and Clustering Analysis 

5.2.1 Principal Component Analysis 

Principal component analysis was carried out on the pay-item composition matrix. Figure 5.2 (a) 

and (b) presents the proportion of variance explained by each principal component (36 pcs in total), 

and the cumulative proportion of variance. As Figure 5.2(a) indicates 15 principal components are 

needed to explain about 90% variance in the data, 15 principal components are needed. This is 

because in the original dataset the pay item variables are not significantly correlated. Therefore, 

dimension reduction which can lead to a significant loss of information is not recommended prior 

to the cluster analysis.  

The PCA in this chapter was used primarily for data visualization. Prior to the cluster 

analysis, the original data points were projected to the first three principal components (PCs) 

extracted from PCA analysis (which can explain about 37% variance) in order to show the 

distribution of the 36 project types in two-dimensional plots (pc2 vs. pc1 and pc3 vs. pc1). As 

shown in Figure 5.2 (b), all the Bridge project types are in the same group with a clear boundary. 

The Road projects also seem to be in one group, and the rest of project types are in another. 

However, the boundary between some Road projects and other project types are not very clear, 

indicating their first three principal components are not very different. The two-dimensional plot, 

however, does not present the full information of how projects are distributed in the original dataset, 

it can explain only 37% variance of the original data.  
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(a) Variance explained by each principal component 

 
(b) Project types plotted by the first three principal components 

 
Figure 5.2 Results of Principal Component Analysis (PCA) 

 

5.2.2 Results of the Cluster Analysis 

The PCA analysis does not help in significantly reducing dimensions for our data (pay-item 

composition matrix) without losing important information. Therefore, cluster analysis was carried 

out on the original dataset, and the clustering results were visualized in the 2-dimensional plots 

(the first two principal components extracted from PCA analysis).  

The K-means algorithm requires the number of clusters to be specified in advance. 

Choosing the appropriate number of clusters (k) is difficult, because if k is too small, the variation 

within each cluster would be very large; However, if k is too large, the model might overfit the 

data. One of the techniques used in finding the appropriate number of clusters (k) is to plot the 
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within-cluster sum of squares versus the number of clusters, and find an elbow point (where the 

rate of decrease inflexes sharply). In our analysis, there is no a clear elbow point (Figure 5.3(a)). 

The decrease rate of within group sum of squares becomes slightly lower after the number of 

clusters increased to 5. Instead of using a fixed k, different k values from 3 to 8 were tested and 

compared.  

The results are summarized in Table 5.3 and visualized in Figure 5.3(b) under the first two 

principal components generated using the principal component analysis. It was noticed that S2 

(Small Structure Installation) and S3 (Small Str. Maintenance & Repair) were always assigned to 

the same cluster, while S1 (pipe lining) was always separated from all other project types even 

when there were only 3 clusters. This indicates that this project type is not similar to any other 

project type. In addition, M1 (Demolition) was also assigned to a group by itself when the number 

of clusters is more than 5. In most cases, all the Bridge projects (B1-B8) were found to exist in a 

single cluster. This is consistent with the PCA projection plot. Also, the Road projects are in the 

same cluster when the number of clusters is less than 6. When there are more than 6 clusters, R1 

(New Road Construction), R8 (Shoulder Rehab & Repair), and R12 (Interchange Work) were 

grouped into a separate group. Traffic projects T1 (ITS), T2 (Signing), T3 (Traffic Signals) and 

T6 (Lighting) were clustered in the same groups when the number of clusters is less than 5, while 

T6 become a separate cluster when the number of clusters is increased to 5. 

The grouping results from k-means cluster analysis are not exactly the same as the 

predefined work categories. Most of the Bridge/Road/Traffic projects are more likely to be 

assigned into the same group, but the classifications of Miscellaneous, Utility and Small Structure 

are not very consistent with the predefined work categories. For example, T4 (Pavement Marking) 

belongs to the Traffic work category, but it was more likely to be assigned to the cluster of Bridge 

or Road projects. This indicates that, for some project types, their pay-item compositions might be 

less similar to projects in the same work category than they are with projects from other work 

categories.   
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(a) Within cluster sum of squares vs. number of clusters 

 
(b) Comparison between K-means results (with 5 clusters and 7 clusters) and actual work 

categories in two dimensions (pc1 and pc2) 
 

Figure 5.3 Visualization of K-means Cluster Results 

 

 

 

 

  



92 
 

Table 5.3 K-means clustering results 

Nr of 
clusters 

Within-
cluster sum 
of squares 

Clustering results 

3 4.46 
 

Cluster 1: {B1, B2, B3, B4, B5, B6, B7, B8, M1, M2, M3, T4, T5, U1} 
Cluster 2: {M4, M5, R1, R2, R3, R4, R5, R6, R7, R8, R9, R10, R11, R12, S2, 
S3, T1, T2, T3, T6, U2}  
Cluster 3: {S1} 

4 3.87 
 

Cluster 1: {B1, B2, B3, B4, B5, B6, B7, B8, M1, M3, T4} 
Cluster 2: {M2, M4, M5, R1, R2, R3, R4, R5, R6, R7, R8, R9, R10, R11, R12, 
S2, S3, T5, U1, U2}  
Cluster 3: {T1, T2, T3, T6}  
Cluster 4: {S1} 

5 3.45 

Cluster 1: {B1, B2, B3, B4, B5, B6, B7, B8, M1, M2, M3, S2, S3} 
Cluster 2: {M4, M5, R1, R10, R11, R12, R2, R3, R4, R5, R6, R7, R8, R9, T5, 
U1, U2} 
Cluster 3: {T1, T2, T3, T4}  
Cluster 4: {S1} 
Cluster 5: {T6} 

6 3.06 

Cluster 1: {B1, B2, B3, B4, B5, B6, B7, B8, S2, S3, M2, M3} 
Cluster 2: {R1, R2, R3, R4, R5, R6, R7, R8, R9, R10, R11, R12} 
Cluster 3: {M4, M5, T4, T5, U1, U2} 
Cluster 4: {T1, T2, T3, T6}  
Cluster 5: {S1}  
Cluster 6: {M1} 

7 2.84 

Cluster 1: {B1, B2, B3, B4, B5, B6, B7, B8, M3, M5, T4, U1} 
Cluster 2: {R2, R3, R4, R5, R6, R7, R9, R10, R11} 
Cluster 3: {R1, R8, R12, M2, M4, S2, S3, T5, U2} 
Cluster 4: {T1, T2, T3} 
Cluster 5: {S1}  
Cluster 6: {T6}  
Cluster 7: {M1} 

8 2.57 

Cluster 1: {B1, B2, B3, B4, B5, B6, B8, M3, M5, S2, S3, T5} 
Cluster 2: {R2, R3, R4, R5, R6, R7, R9, R10, R11} 
Cluster 3: {B7, R1, R8, R12, M2, M4, T4, U1}  
Cluster 4: {T1, T2, T3}  
Cluster 5: {S1}  
Cluster 6: {T6}  
Cluster 7: {M1}  
Cluster 8: {U2} 

 

Ward’s hierarchical clustering method, which does not require a predefined number of 

clusters was then applied to the pay-item composition data. The clustering result is the hierarchical 

tree of clusters (Figure 5.4). According to the tree structure, there are two large branches, which 

are further divided into 3 branches (the three green rectangles). The projects in the first group are 

mostly Traffic work, the second group contains Road projects mostly, and the remaining project 
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types were assigned to the third group. If we cut the tree further into six clusters, the project types 

in each red rectangle would be clustered into one group.  

 

 
Figure 5.4 Ward’s Hierarchical Clustering Results 

 

The clustering result of Ward’s method and the results of k-means are not all consistent. 

For example, project types B6 and B8 were assigned to the same group with other Bridge project 

types when using k-means clustering (with 6 clusters) but were separated with other Bridge project 

types when using Ward’s method. The k-means with different numbers of clusters also leads to 

different results. For example, project types S2 and S3 were assigned to the same group with Bridge 

projects when using 5, 6 or 8 clusters, and assigned to the same group with Road projects when 

using 3, 4 or 7 clusters. This indicates that the borders of some clusters are not very far away from 

each other (which is consistent with the PCA plots), so that the projects located near the boundary 

might be assigned differently using different clustering methods. The rest of this chapter focuses 

on quantifying the similarity between each pair of project types, and the average similarity of 

multiple projects in a bundled contract. 
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5.3 Results of the Quantification of Project Similarity 

5.3.1 Similarity Value/Distance Matrix 

The approaches for identifying the number of common pay items (proposed in Section 5.1.3.1) 

and similarity distance (proposed in Section 5.1.3.2) were applied to quantify the similarity 

between different project types, respectively, based on the composition matrix established in Table 

5.2 (b). The complete similarity distance matrices for all project types are presented in Tables A.3-

A.6 in the Appendix.  

The results of project similarity and similarity distance (2-norm) for a sample Bridge 

project type (B1) and a sample Road project type (R1) using the two proposed approaches 

(common items and high-dimensional distance) were compared (Figure 5.5 (a)-(b)). The figures 

suggest that the results of project similarity/similarity distance using the two approaches are mostly 

consistent with each other -- the higher the similarity between two projects, the smaller the 

similarity distance.  

A comparison of the calculated similarity distance using 1-norm, 2-norm and infinity-norm 

is presented in Figure 5.5 (c) and (d) for Bridge work B1 and Road work R1. As expected, the 1-

norm distance (sum of distance in all dimensions) is larger than the 2-norm distance (direct 

distance), followed by the infinity norm distance (distance in only one dimension). Of the three 

distance types, the Euclidean distance is the most intuitive; this represents the direct distance 

between two points in a Euclidean space. However, the trends of the similarity distance using the 

three methods were found to be similar to each other. Therefore, while one could use any one of 

the three distance-measuring techniques, the Euclidean distance is the easiest to interpret. 
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(a) Comparison of similarity value and similarity distance (between B1 and other project types) 

 
(b) Comparison of similarity value and similarity distance (between R1 and other project types) 

 
(c) Comparison of three type of similarity distances (between B1 and other project types) 

 
(d) Comparison of three type of similarity distances (between R1 and other project types) 

Figure 5.5 Comparison of Estimated Project Similarity Value/Distance Across Different 
Methods 
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5.3.2 Comparison Across Different Work Categories 

To investigate if project types within the same work category are, on average, more similar to each 

other than they are with project types in other work categories, the average similarity/similarity 

distance within and between work categories were calculated using Equation 5.13 and Equation 

5.14, respectively.  

𝐴𝑆� �* =
∑ �)-)∈¡¢�,-∈¡¢�,)£-

U¡¢�(W¤U¡¢�)
¥

        Equation 5.13	

𝐴𝑆� �* =
∑ �)-)∈¡¢�,-∉	¡¢�

X¡¢�∗(X�§X¡¢�)
         Equation 5.14 

where: 

𝐴𝑆� �* is the similarity/similarity distance for projects within the same work category k; 

𝐴𝑆� �* is the similarity/ similarity distance between projects in work category k and other work 

categories; 

𝑠𝑤𝑐$ is a vector containing the project index for projects in work category k (e.g., 𝑠𝑤𝑐$ = [1,8] 

for Bridge work category); 

sb� is the calculated similarity (or distance), the value in ith row and jth column in the established 

similarity (or similarity distance) matrix; 

𝑛𝑝 is the total number of project types (36 in total); 

𝑛� � is the number of project types in work category k. 

 

The results by using different approaches are summarized in Table 5.4. The similarity value 

obtained using approach 1 for projects within the same work category is larger than the value 

between different work categories. The similarity distance obtained using approach 2 for projects 

within the same work category is smaller than the distance between different work categories. 

These results of using both approaches indicate that the projects in the same work category are 

significantly more similar to each other compared to projects in different work categories.  
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Table 5.4 Summary of Average Similarity/Similarity Distance 

Work 
Category 

Approach 1 Approach 2 
Avg. similarity 

value 
Avg. similarity distance  

1-Norm 2-Norm Infinity-Norm 
within 
same 
work 

category 

between 
different 

work 
categories 

within 
same 
work 

category 

between 
different 

work 
categories 

within 
same 
work 

category 

between 
different 

work 
categories 

within 
same 
work 

category 

between 
different 

work 
categories 

Bridge 0.437 0.173 0.831 1.591 0.250 0.504 0.353 0.593 
Miscellaneous 0.334 0.249 0.962 1.547 0.379 0.575 0.433 0.661 

Road 0.421 0.227 0.918 1.537 0.274 0.519 0.398 0.609 
Small Structure 0.373 0.287 0.407 1.481 0.201 0.578 0.240 0.662 

Traffic 0.386 0.193 0.993 1.685 0.479 0.667 0.506 0.712 
Utility 0.178 0.164 0.314 1.695 0.126 0.637 0.124 0.697 

 

5.3.3 Comparison Across Different Project Types within the Same Work Category 

A number of interesting findings were obtained by comparing the similarity or similarity distance 

between different project types from the same category. For example, as shown in Table 5.5(a) 

and Table 5.6(a), within the Bridge work category B1 (New Bridge) and B2 (Bridge Replacement) 

are more similar to each other --- with a much larger similarity (0.64) and much smaller similarity 

distance (0.14) – compared to other project types. B3 (Superstructure Replacement) and B4 (Deck 

Replacement) are found to be the most similar work types, with the largest similarity of 0.714 and 

the smallest distance of 0.074. B7 (Thin Deck Overlay) is found to be most similar to B6 (Bridge 

Deck Overlay), with a similarity of 0.55 and a similarity distance of 0.461. The similarity distances 

between B8-Misc. Bridge Rehab & Repair and other bridge project types are very similar, because 

this project type itself is a mix of many different work types. If one wants to bundle these project 

types into different categories based on project similarity, B1, B2, B3, B4, and B5 can be placed 

into one category (with all paired similarity >=0.375 and all paired similarity distances <= 0.267), 

while B6, B7, and B8 can be placed in another group (with all paired similarity >=0.455 and paired 

similarity distance <=0.461). 

Within the Road project work category (Tables 5.6(a) and 5.6(b)), R1-New Road 

Construction is found to be very similar to R2 (Added Travel Lane) (a similarity of 0.533 and 

similarity distance of 0.183), and R12 (Interchange work) (a similarity of 0.645 and similarity 

distance of 0.156). The similarity between R2 (Added Travel Lane), R11 (Interchange Work) and 
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R12 (Interchange Improvement) was also found to be very high. Some discrepancy exists between 

the results of using the two approaches. For example, based on the similarity distance, R4 (Partial 

3R) and R5 (Road Rehabilitation (3R/4R)) are most similar to each other, with a distance of 0.171, 

but based on common pay item approach, R4 (Partial 3R) and R6 (Wedge & Level Only) are the 

most similar pair, with a similarity of 0.556. Due to the issues associated with Approach 1 

(common pay items) discussed earlier, the results of using Approach 2 (similarity distance) is 

expected to be more reliable. 

 

Table 5.5 Similarity Value/Distance Matrix within the Same Work Category (Bridge Work) 

(a) Similarity Value Matrix (Approach 1: combinability of pay items) 
Project 
Type 

B1 B2 B3 B4 B5 B6 B7 B8 

B1 0 0.64 0.458 0.375 0.522 0.308 0.115 0.2 
B2 0.64 0 0.63 0.556 0.63 0.387 0.188 0.219 
B3 0.458 0.63 0 0.714 0.52 0.48 0.231 0.222 
B4 0.375 0.556 0.714 0 0.565 0.667 0.304 0.348 
B5 0.522 0.63 0.52 0.565 0 0.48 0.185 0.375 
B6 0.308 0.387 0.48 0.667 0.48 0 0.55 0.455 
B7 0.115 0.188 0.231 0.304 0.185 0.55 0 0.421 
B8 0.2 0.219 0.222 0.348 0.375 0.455 0.421 0 

(b) Similarity Distance Matrix (Approach 2: Similarity Distance (Euclidian)) 
Project 
Type B1 B2 B3 B4 B5 B6 B7 B8 
B1 0 0.14 0.24 0.267 0.242 0.394 0.534 0.398 
B2 0.14 0 0.174 0.199 0.189 0.315 0.492 0.342 
B3 0.24 0.174 0 0.074 0.098 0.294 0.507 0.361 
B4 0.267 0.199 0.074 0 0.112 0.298 0.508 0.358 
B5 0.242 0.189 0.098 0.112 0 0.305 0.517 0.362 
B6 0.394 0.315 0.294 0.298 0.305 0 0.461 0.351 
B7 0.534 0.492 0.507 0.508 0.517 0.461 0 0.476 
B8 0.398 0.342 0.361 0.358 0.362 0.351 0.476 0 
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Table 5.6 Similarity Value/Distance Matrix within the Same Work Category (Road Work) 

(a) Similarity Value Matrix (Approach 1: Combinability of Pay Items) 
Project 
Type R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 
R1 0 0.533 0.212 0.143 0.567 0.241 0.607 0.296 0.306 0.344 0.441 0.645 
R2 0.533 0 0.267 0.226 0.552 0.259 0.483 0.269 0.364 0.464 0.567 0.69 
R3 0.212 0.267 0 0.455 0.258 0.4 0.276 0.125 0.444 0.346 0.414 0.229 
R4 0.143 0.226 0.455 0 0.258 0.556 0.276 0.174 0.5 0.458 0.464 0.162 
R5 0.567 0.552 0.258 0.258 0 0.4 0.63 0.36 0.353 0.556 0.655 0.515 
R6 0.241 0.259 0.4 0.556 0.4 0 0.32 0.211 0.4 0.55 0.423 0.219 
R7 0.607 0.483 0.276 0.276 0.63 0.32 0 0.391 0.419 0.379 0.643 0.412 
R8 0.296 0.269 0.125 0.174 0.36 0.211 0.391 0 0.259 0.304 0.385 0.226 
R9 0.306 0.364 0.444 0.5 0.353 0.4 0.419 0.259 0 0.448 0.548 0.282 
R10 0.344 0.464 0.346 0.458 0.556 0.55 0.379 0.304 0.448 0 0.63 0.394 
R11 0.441 0.567 0.414 0.464 0.655 0.423 0.643 0.385 0.548 0.63 0 0.444 
R12 0.645 0.69 0.229 0.162 0.515 0.219 0.412 0.226 0.282 0.394 0.444 0 

(b) Similarity Distance Matrix (Approach 2: Similarity Distance (Euclidian)) 
Project 
Type R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 
R1 0 0.183 0.396 0.348 0.232 0.515 0.191 0.367 0.27 0.373 0.211 0.156 
R2 0.183 0 0.336 0.253 0.135 0.438 0.133 0.42 0.219 0.286 0.082 0.136 
R3 0.396 0.336 0 0.34 0.368 0.439 0.357 0.393 0.283 0.437 0.31 0.34 
R4 0.348 0.253 0.34 0 0.171 0.49 0.276 0.506 0.279 0.137 0.253 0.34 
R5 0.232 0.135 0.368 0.171 0 0.485 0.167 0.463 0.267 0.17 0.157 0.246 
R6 0.515 0.438 0.439 0.49 0.485 0 0.386 0.498 0.451 0.559 0.41 0.451 
R7 0.191 0.133 0.357 0.276 0.167 0.386 0 0.383 0.264 0.307 0.114 0.199 
R8 0.367 0.42 0.393 0.506 0.463 0.498 0.383 0 0.417 0.573 0.4 0.396 
R9 0.27 0.219 0.283 0.279 0.267 0.451 0.264 0.417 0 0.359 0.219 0.211 
R10 0.373 0.286 0.437 0.137 0.17 0.559 0.307 0.573 0.359 0 0.3 0.387 
R11 0.211 0.082 0.31 0.253 0.157 0.41 0.114 0.4 0.219 0.3 0 0.166 
R12 0.156 0.136 0.34 0.34 0.246 0.451 0.199 0.396 0.211 0.387 0.166 0 

 

5.3.4 Average Similarity Distance for Multiple Projects in a Bundled Contract 

Bundling similar projects that share common materials and resources into a single contract can 

yield greater cost savings compared to bundling projects that are less compatible with each other. 

Thus, one of the most important benefits of quantifying project similarity is that it can guide 

highway agencies in how to maximize the cost savings by bundling projects that share similar 

materials and resources. Therefore, in addition to measuring the paired similarity or distance 
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between two different project types, this dissertation also provided a way to measure the average 

similarity among multiple projects in a bundled contract, and to evaluate how the past projects 

were bundled in terms of project similarity. 

A sample bundled contract from the study dataset was randomly selected to illustrate how 

the average similarity distance among multiple projects in a bundled contract was measured using 

the average distance between each project to the center point (the approach proposed in Section 

5.1.3.3). The calculation and results are shown in Table 5.7. The sample contract contains 10 

projects, and 4 different project types. The composition of pay items for each project type can be 

extracted from the pay-item composition matrix by the project index. Then, the center point can 

be obtained using Equation 5.8, based on which distance between each project to the center point 

can be calculated (using Euclidean distance approach as an example). The average similarity 

distance was then estimated using the total distance divided by the bundle size (10 projects). 

 

Table 5.7 Calculation of Average Similarity Distance (Euclidean) for a Sample Bundled Contract 

Contract 
Nr. 

Project 
Type 

Nr of 
Projects 

Project 
Index 

Pay-item 
composition Center point 

Distance 
(Euclidean) 
from each 

project to the 
center point 

28933 

R1 1 14 R[¬. (�W,W|®∗�W,W|�¥.,W|�¯,W
[°

,	
�W,¥|®∗�W,¥|�¥.,¥|�¯,¥

[°
,	

……	
,	�W,WW±|®∗�W,WW±|�¥.,WW±|�¯,WW±

[°
)	

0.4546 
B1 7 1 R[. 0.2013 * 7 
B2 1 2 R_. 0.2796 
B8 1 8 R². 0.4839 

Total  10    2.6272 
Average similarity distance (Euclidean) 0.2627 

Note: R".is the i-th row, and R",% is the i-th row and j-th column in the pay-item composition matrix. 

 

Using the average similarity distance approach, the dissertation investigated how projects 

had been bundled in the past practice by analyzing contract data. In the contract dataset, there are 

732 bundled contracts that contain more than one project. The average similarity distance (ASD) 

for each bundled contract is estimated using the Euclidean distance method. Figure 5.6 presents a 

histogram of the average similarity distance in past bundled contracts. Among all the bundled 

contracts, 242 were found to have average similarity distance of 0, indicating that all the projects 
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bundled in the contract are the same project type. Only four contracts have average similarity 

distance greater than 0.5. The combinations of projects for these four contracts are:  

{R5, T2, M1, T3, T3} with 0.51 ASD;  

{T5, T2, T3, T3, T3, T3, B5, U2, U2} with 0.5047 ASD; 

{R10, T6, U2, U2, T3, T2} with 0.5275;  

{R10, T3, T3, T3, T6, U2, T2} with 0.53 ASD. 

 
Figure 5.6 Distribution of Average Similarity Distance (Euclidean) in Past Bundled Contracts. 

5.4 Chapter Summary 

This chapter quantified the similarity of different project types based on their pay-item 

compositions, and therefore assessed their compatibility, which can be an important issue in 

project bundling. The analysis started by establishing a pay-item composition matrix, in which 

each cell represents the average ratio of the pay-item cost to the project cost. Based on this matrix, 

cluster analysis was carried out to investigate how projects can be grouped into clusters on the 

basis of the similarity of their constituent pay items. Principle component analysis was also carried 

out and the results were used to visualize the clustering results under the first two principal 

components. The clustering results using different cluster methods (k-means with different number 

of clusters, and Ward’s method) were compared with each other, and compared with the predefined 

work categories (Bridge, Miscellaneous, Road, Traffic, Small Structure and Utility). For some of 

the project types (such as the eight bridge project types), a clear boundary of clusters (that is, the 

boundary of the cluster is far from other clusters) was observed. For these project types, the 

clustering results using different methods and the predefined work categories are mostly consistent 
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(i.e., all the bridge project types are assigned into the same cluster). However, for some of the 

project types, the projects were assigned differently from their pre-defined work categories, and 

the clustering results are different across different clustering methods. This indicates that some of 

the project types are less similar to projects in the same work category than they are with projects 

from other work categories. This result suggests that it could be beneficial to reconsider their 

existing classification of projects. 

 The second part of this chapter focused on quantifying the similarity between each pair of 

different project types using two approaches. In the first approach, the similarity was measured in 

terms of pay item commonality, that is, the number of common pay items between two project 

types normalized by the total number of items for those two project types. This method, however, 

only accounts for the presence of a pay item and ignores the actual percentage cost contribution of 

the pay item. The second approach, which quantifies the similarity (defined as similarity distance) 

between two project types using the high-dimensional distance, was therefore proposed to deal 

with this issue. Three different distance measurements (1-norm, 2-norm and infinity-norm) were 

adopted, and their results were generally found to be consistent with each other. In spite of the 

shortcomings of using the first approach, the results of the two approaches were found to be 

consistent for most project types -- the smaller the calculated similarity (obtained from approach 

1), the larger the similarity distance (obtained from approach 2). It was found that some project 

types are less similar to the projects in the same work category than they are to certain projects in 

a different work category. However, on average, the projects in the same category are more similar 

compared to projects in different work categories. 

 Finally, an average-distance method was proposed to measure the average similarity 

between multiple projects. The approach was applied to investigate the average project similarity 

for each contract, and evaluate how an agency bundled its projects in the past in terms of project 

similarity. According to the distribution of the calculated average similarity distance, most bundled 

contracts have small similarity distance (<0.2); More than half of the contracts were found to have 

zero average distance, indicating all projects bundled in the contract are in the same project type. 

Very few project types were found to have large average similarity distance. Only four contracts 

were found to have an average distance greater than 0.5. These results indicate that, in the past 

practice, the agency had tended to select same or similar project types for bundling. 
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 The metric of project similarity value/distance introduced by this chapter can provide a 

more quantitative guide for agencies in bundling their projects. If the impact of project similarity 

on the cost, time, and quality of bundled projects can be also quantified, the agency is placed in a 

better position to estimate the future savings under different bundling combinations of project 

types. In addition, the optimal bundling strategy (the best combination of project types) that yields 

the largest benefits can be identified using optimization techniques. 
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 IMPACT OF BUNDLING ON MARKET COMPETITION 

The first part of this chapter focuses on an investigation of the relationship between the bundle 

size (number of bundled projects) and the market competition (measured by the number of bidders 

for a contract bundle). To investigate this relationship, two modeling approaches were applied 

including deterministic average number of bid and upper bound bid model and a probabilistic beta 

distribution model. The second part of this chapter developed predictive models for estimating the 

bidding competition using several critical variables available at the project bidding/award phase, 

including contract value, project type, bundling-related factors, letting year and seasonal effects. 

6.1 Relationship Model Between Bundle Size and Number of Bidders 

6.1.1 Average Number of Bidders 

To investigate the impact of increasing bundle size on the number of bidders, we first examine the 

relationship between the average number of bidders and the number of bundled projects in a 

contract. Table 6.1 summarizes the average number of bidders for contracts with different bundle 

sizes for all contracts and for each work category. It was found that the average number of bidders 

decrease as the bundle size increases for Bridge, Miscellaneous and Small-structures work. For 

Road and Traffic work, the number of bidders increases first and then decreases when the bundle 

size exceeds 5. 
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Table 6.1 Average Number of Bidders For Different Bundle Size 
(a) Average number of bidders for all contracts 

Bundle Size Nr of Contracts Average Number of 
Bidders 

1 3815 4.110 
2-3 243 4.139 
4-5 226 4.136 
6-10 145 3.841 
10-15 40 3.450 
15-20 7 3.142 
>20 7 2.428 

(b) Average number of bidders by different work categories 

Bundle 
Size 

Work Category of Lead 
Project 

Bundle 
Size 

 

Work Category of  
Lead Project 

Bridge Road Traffic Miscellaneous Small-
structures 

1 4.972 3.477 1 3.821 4.663 5.579 
2--3 4.539 3.806 2--3 5.075 4.693 4.674 
4--5 4.306 4.222 4--5 5.306 3.750 3.983 

6 -- 10 3.859 4.103 > 6 4.250 2.667 3.335 
11 --15 3.100 3.300 - - - - 
15 -- 20 2.667 3.000 - - - - 

>20 2.167 3.000 - - - - 
 

 

Figure 6.1 Trend of Average Number of Bidders Under Increasing Bundle size 
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6.1.2 Upper-Bound Bids Model 

The scatter plot between the number of bids versue the number of bundled projects in a contract 

showed a clear decreasing trend of the maximum number of bidders (or upper bound) as the 

number of bundled projects increases in a contract bundle. It was also observed that the variation 

of the number of bidders decreases as the bundle size increases. This could be because when the 

bundle size is small, most contractors in the market are qualified to bid for the contract (therefore, 

a higher upper-bound on the number of bidders); however decision to bid is influenced by several 

other factors, and this leads to the large variation on the actual number of bidders. When the bundle 

size become larger, small companies that cannot afford to bid for large contracts and are excluded 

from the bidding market, resulting in fewer eligible contractors. This leads to a lower value of the 

upper bound. To capture this relationship, we provide a deterministic upper-bound model. For the 

upper-bound model, the highest Nr of bidders under for a given Nr of Projects, was used. A 

regression curve was then fitted to these selected observations. This was repeated for each work 

category. Different functional forms, including linear, polynominal, logarithmic, power and 

exponential, were investigated for use in fitting this upper bound. For each work category, the 

functional form with the highest R2 was chosen for each work category. The results are presented 

in Figure 6.1 and Table 6.2. 

 

  
Figure 6.2 Relation Between Bundle Size and Market Competition for Bridge Contracts 
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Figure 6.2 continued 
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Table 6.2 Results for the Upper-bound Nr of Bids Model 

Project Type Model R2 
Bridge Nr of Bids = 13.670 – [3.436 * ln(Nr of Projects)] 0.874 
Road Nr of Bids = 12.607 + 0.0108 * (Nr of Projects) 2 – 

0.708 * (Nr of Projects) 
0.824 

Traffic Nr of Bids = 12.442 – [3.435 * ln(Nr of Projects)] 0.761 
Miscellaneous Nr of Bids = 17.707 * (Nr of Projects) -0.619 0.709 
Small Structure Nr of Bids = 14.003 – [5.457 * ln(Nr of Projects)] 0.946 

 

The upper-bound model estimates the maximum number of bidders for a contract with a 

given number of bundled projects, and can be therefore used to predict the optimistic (lowest) 

project cost under the optimal bidding competition. When estimating the actual cost of a project 

using the developed project cost model, one should use a better estimate of the most likely number 

of bidders instead of using the maximum number of bidders. 

6.1.3 Probability Distribution Model for Number of Bids 

The upper bound model assumes the highest number of bidders likely for a certain bundle size. 

The model can help in estimating project cost in the optiministic case, because higher market 

competition can lead to lower unit cost. However, the upper bound model does not consider all the 

variations (market uncertainty) under the curve. To find the true distribution of the number of 

bidders for a contract, we created a histogram of Nr of bidders under a certain Nr of Projects. A 

Beta distribution function (Equation 6.1) was then used to fit the actual histograms. The parameters 

𝛼	and 𝛽 were tuned to minimize the difference between the actual histogram and the fitted Beta 

distribution.  

𝑓(𝑥, 𝛼, 𝛽) = [
x(¶,·)

∗ 𝑥¸§[	(1 − 𝑥)·§[      Equation 6.1 

where 𝛼, 𝛽 are parameters, x is the number of bidders, and 𝑓(𝑥, 𝛼, 𝛽) is the probability that a 

contract has x number of bidders when the bundle size is given. 

The developed probability curve is an alternative to the upper bound deterministic model 

and can be used to estimate the probabilities of having all possible number of bidders for a contract 

with certain bundle size. Unlike the upper bound model, which only considers the maximum 

number of bidders for a given number of bundled projects, in the probabilistic model, the actual 

data distribution was taken into account. This probabilistic model can be used to incorporate the 
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uncertainty about market competition into project cost estimation, and to predict project cost with 

a certain level of confidence. 

The probabilistic models were then developed using the proposed method. a Beta 

distribution function was used to fit the histogram of the number of bidders for a certain contract 

size. Parameters 𝛼	and 𝛽 in Equation 6.1 were tuned to minimize the difference between the actual 

histogram and the fitted Beta distribution. The 𝛼∗	𝑎𝑛𝑑	𝛽∗ found that fit the actual histogram with 

the smallest total error (Total error = ∑ [𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦,�»¼¸½ − 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦+¾¿�"��»
À¸l.		�¾	ÁÂ	x"��
"n[ ]) 

are presented in Table 6.3 for different contract size. The fitted Beta distribution curves are shown 

in Figure 6.3. Each point on the curve indicates the probability of a contract having a certain 

number of bidders. For example, in Figure 6.3, the probability of a contract having 1 bidder (that 

is, a single-project contract) is approximately 0.08, as indicated by the first point on the curve.  

Table 6.3 Probabilistic Beta Distribution Bids Model 
Number of bundled 

projects 
𝜶∗ 𝜷∗  Total Error  

1 3.1 13 0.15 
2 3.8 16 0.18 

3 to 4 3.5 14 0.12 
5 to 10 3.2 9.4 0.18 

More than 10 2.8 8.8 0.22 
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(a) Single-Project	Contract	
(𝛼 = 3.1, 𝛽 = 13)	

 
(b) 2	Bundled	Projects	

(𝛼 = 3.8, 𝛽 = 16) 

	
(c) 3	to	4	Bundled	Projects		

(𝛼 = 3.5, 𝛽 = 14)	

	
(d)	5	to	10	Bundled	Projects	

(𝛼 = 3.2, 𝛽 = 9.4)	

	
(e)	More	than	10	Projects	

(𝛼 = 2.8, 𝛽 = 8.8)	
Figure 6.3 Distribution of Number of Bidders for Contracts with Different Numbers of Projects 

6.2 Predictive Model for Bidding Competition 

Bidding competition can be measured from different perspectives. The most commonly used 

metric for measuring the bidding market competition is the number of bidders (competitors) for a 

contract. A larger number of bidders indicates greater competition. Another measure of bidding 

competition is the bid ratio (bid price/Engineer’s Estimate), particularly the winning-bid ratio 

(contract award/ Engineer’s Estimate). Under greater competition, bidders tend to lower their bid 

price in order to increase their chances of winning a contract. In this section, predictive models 

were developed for estimating the level of market competition that considers not only the bundle 

size but also other potential influential variables available at the project awarding phase. Due to 

the large variation and uncertainties involved in the construction market condition, the 

probabilistic model is preferred to the deterministic model. Ordinal logistic models were applied 

to estimate the probability that a contract is sought by a certain number of bidders and is awarded 

with a certain bid ratio. 
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6.2.1 Data Statistics and Trends Observed 

Table 6.4 presents the bids information (Engineer’s Estimate, bid prices ordered from lowest to 

highest, and bid ratio (bid price/Engineer’s Estimate)) for 10 sample contracts from the current 

dataset. It was seen that the number of bids vary significantly from contract to contract, and the 

bid prices vary from bidder to bidder. It was also noticed that, 9 of the 10 contracts were awarded 

at a lower price than the Engineer’s Estimate. In addition, contracts with higher number of bids 

were found to be associated with a generally lower bid ratio. This is reasonable because bidders 

tend to lower their prices in order to enhance their chances of winning a contract when there are 

more competitors which indicates an intense bidding competition. 

 

Table 6.4 Engineer’s Estimate and Bidding Price for Sample Contracts 
Con- 
tract 

Lead Project Type Eng. 
Estimate 

Bid 1 
(Winning 

Bid) 

Bid 2 Bid 3 Bid 4 Bid 5 Bid 6 Bid 7 Bid 8 

1 B2 Cost ($1000) 4,007 2,747 3,192 3,412 3,413 3,449 3,661 3,825 
 

 
 Bid Ratio 

 
0.686 0.797 0.852 0.852 0.861 0.914 0.955 

 

2 B8 Cost ($1000) 408 188 233 250 262 289 
   

 
 Bid Ratio 

 
0.461 0.570 0.613 0.643 0.709 

   

3 R11 Cost ($1000) 3,442 2,847 2,870 2,880 2,881 3,040 3,092 3,227 3,805  
 Bid Ratio 

 
0.827 0.834 0.837 0.837 0.883 0.898 0.938 1.106 

4 R5 Cost ($1000) 2,105 2,047 2,084 2,143 2,273 2,380 
   

 
 Bid Ratio 

 
0.972 0.990 1.018 1.080 1.131 

   

5 T2 Cost ($1000) 112 96 131 136 170 200 
   

 
 Bid Ratio 

 
0.857 1.171 1.212 1.518 1.785 

   

6 T2 Cost ($1000) 914 787 885 958 
     

 
 Bid Ratio 

 
0.861 0.968 1.048 

     

7 S2 Cost ($1000) 420 289 302 309 325 343 346 
  

 
 Bid Ratio 

 
0.687 0.719 0.735 0.774 0.816 0.825 

  

8 S1 Cost ($1000) 376 457 486 496 498 515 598 
  

 
 Bid Ratio 

 
1.214 1.294 1.319 1.325 1.370 1.590 

  

9 M1 Cost ($1000) 129 129 135 
      

 
 Bid Ratio 

 
0.998 1.046 

      

10 M4 Cost 218 201 263 280 283 
    

 
 Cost ($1000) 

 
0.922 1.207 1.283 

     

 

Table 6.5(a)–(b) summarized the statistics for past contracts by work category and by 

project type, respectively. It was observed that Small-structures, Miscellaneous and Bridge 

contracts have, on average, relatively higher number of bidders, while Road contracts have the 

lowest average number of bidders. There are only 4 contracts with lead project from Utility work 

category, therefore the utility contracts were not considered for modeling in this dissertation. When 
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the number of bidders is averaged by project types, it was observed, from Table 6.5 (b), that project 

types B1-New Bridge, B5-Bridge Widening and S2-Small Structure Installation and S3-Small Str. 

Maintenance & Repair have on average higher number of bidders among all the 36 project types. 

The project types that are associated with relatively fewer bidders are R4-Partial 3, R6-Wedge & 

Level Only, R9-Pavement and Other T6-Lighting, and S1-Pipe Lining. 

Table 6.5 Statistics for Number of Bidders and Bid Ratio 

(a) Avg. value by work category 

Contract Type  
(Work Category of 
Lead Project) 

Nr of 
Obs 

Avg. values by Work Category 
Nr of 
Bids 

Min Bid 
Ratio 

Avg. Bid 
Ratio 

Median Bid 
Ratio 

Max Bid 
Ratio 

Bridge 1084 4.75 0.32 0.95 0.92 2.45 
Road 2299 3.59 0.11 0.89 0.88 3.58 
Traffic 579 3.91 0.32 0.92 0.90 2.38 
Miscellaneous 453 4.65 0.22 0.89 0.89 2.82 
Small-structures 382 5.19 0.34 0.93 0.88 4.03 
Utility 4 3.75 0.54 1.38 0.90 3.19 

(b) Avg. value by Project Type 

Contract Type  
(Project Type of Lead Project) 

Nr of 
Obs 

Avg. values by Project Type 
Nr of 
Bids 

Min 
Bid 
Rate 

Avg. 
Bid 

Ratio 

Median 
Bid 

Ratio 

Max 
Bid 

Ratio 
B1-New Bridge 72 6.01 0.902 1.016 1.005 1.171 
B2-Bridge Replacement 301 5.62 0.925 1.053 1.045 1.204 
B3-Superstructure Replacement 48 5.30 0.935 1.048 1.034 1.197 
B4-Deck Replacement 66 5.00 0.904 1.034 1.021 1.195 
B5-Bridge Widening 25 5.90 0.968 1.118 1.091 1.320 
B6-Bridge Deck Overlay 200 3.82 0.995 1.115 1.102 1.265 
B7-Thin Deck Overlay 61 3.85 0.951 1.110 1.106 1.282 
B8-Misc. Bridge Rehab & Repair 311 4.10 1.030 1.294 1.253 1.665 
R1-New Road Construction 140 5.49 0.799 0.903 0.851 1.286 
R2-Added Travel Lanes 112 4.48 0.876 1.391 1.335 1.997 
R3-Patch & Rehab Pavement 134 3.66 0.933 0.814 0.807 0.949 
R4-Partial 3 1018 2.94 0.876 0.971 0.967 1.161 
R5-Road Rehabilitation (3R/4R) 238 4.47 0.908 1.142 1.121 1.372 
R6-Wedge & Level Only 38 3.21 0.920 0.885 0.881 1.003 
R7-Sight Distance Correction 28 5.48 0.804 0.966 0.960 1.054 
R9-Pavement, Other 111 3.37 0.927 1.004 0.995 1.112 
R10-Pavement Replacement 190 3.50 0.890 0.893 0.887 0.967 



113 
 

Table 6.5 continued 

R11-Intersection Improvement 254 4.46 0.918 0.957 0.950 1.057 
R12-Interchange Work 35 3.79 0.831 1.112 1.069 1.357 
T1-ITS 30 4.08 0.856 0.952 0.947 1.036 
T2-Signing 123 4.66 0.853 0.996 0.988 1.104 
T3-Traffic Signals 190 4.29 0.921 1.025 1.022 1.143 
T4-Pavement Markings 83 3.13 1.011 0.939 0.920 1.151 
T5-Guard Rail, Cable Barrier & Wall 108 3.93 0.952 1.050 1.036 1.196 
T6-Lighting 45 2.70 0.897 1.150 1.134 1.379 
M1-Demolition 84 4.93 0.659 1.079 1.044 1.415 
M2-Channel and Ditch Work 29 4.27 0.945 1.698 1.025 3.833 
M3-Stormwater Improvements 6 5.80 0.677 1.183 1.178 1.403 
M4-Slide Correction 37 5.67 0.801 1.101 1.082 1.298 
M5-Paths, Sidewalks & Curb Ramps 297 4.75 0.976 1.033 1.006 1.214 
S1-Pipe Lining 149 3.43 0.956 1.072 1.058 1.282 
S2-Small Structure Installation 196 6.58 0.912 1.353 1.278 1.838 
S3-Small Str. Maintenance & Repair 37 7.06 1.064 1.019 1.004 1.224 
U1-Railroad Work 4 3.75 1.386 1.554 1.507 1.873 

 

Figures 6.4(a) presents the temporal trends of the average number of bidders during a 11-

years period from Year 2007 to Year 2018 for different work categories. A large variation can be 

found on both the number of bidders across different years. Such variation was found to be 

relatively small for Road projects, this might indicate that the bidding condition for Road work 

contract is more stable across years and less dependent on the temporal effects. It was believed 

that the market competition can be greatly affected by some time-dependent variables such as 

economic conditions, number of available projects and the number of ‘active’ contractors in the 

market. These factors are not available in the current dataset. To account for the temporal effects, 

the letting year is treated as a random-effect blocking factor, and the letting months are grouped 

into four seasons and included in the model as fixed-effect categorical variables.  
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(a) Number of Bidders 

 
(b)Winning-bidding Ratio 

Figure 6.4. Temporal Variations of Market Competition 

 

The winning-bid ratio is another measure which reflects the bidding market competition. 

Contractors tend to lower their bid price when the market competition is greater, which generally 

leads to a lower winning-bid ratio. The second part of this chapter focuses on investigating how 

project bundling affects the winning-bid ratio. As shown in Figure 6.4(b), almost opposite trends 

were found for the Number of Bidders and the Winning-bidding Ratio over years: during the years 

when the average number of bids are high, the average winning-bid ratio are low. It can be inferred 

that most of the variations on the average winning-bid ratio over years were caused by the varying 

number of bids and less due to the other time-dependent variables. When modeling for the 
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winning-bid ratio, instead of considering letting year as a random effect, the number of bidders 

were included as fixed effect to account for the temporal variations. 

To show the relationship between the winning-bid ratio with the number of bids for a 

contract more clearly, Figure 6.5 presents the trend of the average winning-bid ratio as the increase 

of number of bidders for all projects and for each work category. A significant decreasing trend 

can be observed on the winning-bid ratio as the number of bidders increases. This is expected, 

because contractors tend to trim their bid prices as the competition become more intense (indicated 

by the increasing number of bidders).  

 
Figure 6.5 Impact of Market Condition on Winning-bid Price 

6.2.2 Ordinal Logistic Model Specification 

The typical formulation of an ordinal data modeling problem is motivated by the latent regression 

perspective. The latent variable 𝑌∗can be defined mathematically in Equation 6.2. This equation 

can be explained as: the variable Y is observed to be in category j when the latent variable 𝑌∗ falls 

in the j-th interval. 

𝑌 = 𝑗				𝑖𝑓	𝜃%§[ ≤ 𝑌∗ ≤ 𝜃%, 𝑓𝑜𝑟	𝑗 = 1… 𝐽      Equation 6.2 
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where J is the number of levels (ordered outcomes) of the dependent variable; j is one of the levels 

of the dependent variable; 𝑌∗  is a continuous latent variable that is assumed to underlie the 

observed ordinal data. (𝜃[ …𝜃Ì) is a set of thresholds (cut points) of the continuous scale for 𝑌∗.  

This unobserved latent variable can be specified as a linear combination of external 

variables (predictors) for each observation, such that: 

𝑌"Í = 	𝛽"Í𝑋"Í +	𝜀"Í +	𝑉Í         Equation 6.3 

where: X is the vector containing the explanatory variables; and β is the vector containing the 

corresponding estimated coefficients, subscript i denotes contracts, and subscript g indexes the 

group of observations generated by each letting year. A traditional error term, ε, is considered as 

two: the traditional error term unique to each observation 𝜀"Í and a year-specific random effect 

disturbance term 𝑉Í  (assumed to be normally distributed with mean 0 and variance σ2). 

Heterogeneity across years are addressed by the random effects specification, which allows for a 

year-specific disturbance term (in addition to an overall disturbance term) to account for the 

temporal effect on market condition.  

One of the most widely-used techniques for modeling ordinal dependent variable is to 

apply a logit transformation to the cumulative probabilities, called ordered logit model (also known 

as ordered logistic regression or proportional odds model) first considered by Peter McCullagh 

(1980). A typical ordered logit model can be formulated as equation 6.4. 

𝑙𝑜𝑔𝑖𝑡 Ñ𝑃�𝑌"Í ≤ 𝑗�Ò = 𝑙𝑜𝑔
∑ +*(l)
-
*VW

[§∑ +*(l)
-
*VW

= 𝜃% − 𝛽𝑋 − 𝑣Í, 𝑗 = 1,2,3, … 𝐽 − 1   Equation 6.4 

where i represents the i-th contract; 𝜃% is the threshold (cut point for the adjacent levels of the 

response variable) for category j;	 

From the above settings, we can derive the probability of observing outcome j for response 

Yb as following: 

P�𝑌"Í = 1� = P�𝑌"Í ≤ 1� = ÕÖ�(×W§ØÙ)
[|	ÕÖ�(×W§ØÙ)	

	 	

P�𝑌"Í = 𝑗� = P�𝑌"Í ≤ 𝑗� − P�𝑌"Í ≤ 𝑗 − 1� = ÕÖ��×-§ØÙ�
[|ÕÖ��×-§ØÙ�

− ÕÖ��×-ÚW§ØÙ�
[|ÕÖ��×-ÚW§ØÙ�

,														Equation 6.5	

for	j = 2,… J − 1	 			 	 	 	 	 	 	 	 	

P�𝑌"Í = 𝐽� = 1 − 	P�𝑌"Í ≤ J − 1� = [
[|	ÕÖ�(×ÜÚW§ØÙ)	
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The advantages of the proposed model include:  

(1) the use of probabilistic approach can account for the large uncertainties involved in the 

bidding market;  

(2) results from a logit model are easier to interpret compared to other more complex models, 

and can be used to quantify the effects of each influential variable (e.g., contract size, 

project characteristics and bundling-related factors);  

(3) by treating letting year as a random effect factor, the mixed logit model can account for the 

unobserved heterogeneity across years due to varying market conditions. 

6.2.3 Evaluation Criteria and Model Comparison 

In this dissertation, the two most commonly used model evaluation criteria -- likelihood ratio 

statistics (Washington et al., 2011) and Akaike’s Information Criterion (AIC) (Akaike,1974) -- are 

calculated and compared to evaluate model performance. The likelihood ratio statistic is calculated 

using Equation 6.6.  

χ_ = −2(𝐿𝐿(0) − 𝐿𝐿(𝛽))               Equation 6.6 

where: 𝐿𝐿(0)= initial log-likelihood (when all parameters are equal to zero); 

𝐿𝐿(𝛽) = log-likelihood at convergence.  

The statistic is χ_ distributed with degrees of freedom equal to the number of estimated 

parameters in the model. With the same degrees of freedom, χ_ indicates a better fit when it is 

larger. A log-likelihood ratio test with p-value smaller than 0.05 indicates that at least one of the 

variables in the model is statistically significant. The AIC is an alternative measure of model 

goodness of fit, and represents a trade-off between model fit and model complexity (Equation 6.7). 

AIC = −2 ∗ log(𝑙𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑) + 2𝑝                Equation 6.7 

where p is the number of parameters, A lower AIC indicates better model performance. 
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6.2.4 Modeling Results 

6.2.4.1 Explanatory Variables 

The predictors considered in the model development can be categorized into several groups (as 

listed in Table 6.6): (1) contract size; (2) characteristics of the lead project; (3) bundling-related 

factors, and (4) temporal and seasonal effects. A main task of this chapter is to investigate the 

impact of project bundling on market competition. The bundling effects were measured from 

several dimensions including bundle size (number of bundled projects), spatial proximity and work 

type combinations in a contract.  

Table 6.6 Description of the Explanatory Variables Considered 

Variable 
Category Variable Description 

Temporal 
Effects 

Letting Year 
The Year when a contract is let. Letting Year is treated as 
random effect in the number of bids model, to account for 
the temporal effects on market competition. 

Letting In Spring 1 if the project is let in Spring; 0 otherwise 
Letting In 
Summer 1 if project is let in Summer; 0 otherwise 

Contract 
Size 

ln(Eng. 
Estimates) Natural log of the Engineer’s Estimate for a contract ($) 

Lead 
Project 

Indicator of Lead 
Project’s Work 
Category 

1 if the lead project belongs to a certain work category; 0 
otherwise. For example, the variable “Lead Project Bridge 
Work” is the indicator of whether the lead project of the 
contract belongs to Bridge work category. 

Indicator of Lead 
Project’s Project 
Type 

1 if the lead project is a certain project type; 0 otherwise. 
For example, the variable “Lead Project R1, R2, R7 or R11” 
is the indicator of whether the lead project is one of the 
project types R1, R2, R7 and R11. 

Major Bridge 
Work  

1 if the lead project is major Bridge work (B1, B2, B3 or 
B5); 0 otherwise. 

Minor Bridge 
Work  

1 if the lead project is minor Bridge work (B7 or B8); 0 
otherwise. 

Major Road 
Work 

1 if the lead project is major Road work (R1 or R12); 0 
otherwise. 

Minor Road 
Work 

1 if the lead project is minor Road work (R4, R6, R7 or R9); 
0 otherwise. 

Interstate 1 if the lead project is an Interstate project; 0 otherwise. 
Urban 1 if the lead project is an urban project; 0 otherwise. 
Local  1 if the lead project is a local project; 0 otherwise. 
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Table 6.6 continued 

Bundling 
Factors 
Spatial 
Factor 

Nr of Bundled 
Projects (NBP) The number of projects bundled in a contract 

Nr of Diff. Work 
Cate. 

The number of different work categories in a bundled 
contract 

Bridge Kin 
Project 1 if kin projects contain Bridge work; 0 otherwise 

Road Kin Project 1 if kin projects contain Road work; 0 otherwise 
Traffic Kin 
Project 1 if kin projects contain Traffic work; 0 otherwise 

Small-structures 
Kin Project 1 if kin projects contain Small-structures work; 0 otherwise 

Miscellaneous 
Kin Project 1 if kin projects contain Miscellaneous work; 0 otherwise 

Same Corridor 1 if projects were bundled along the same corridor; 0 
otherwise 

Same County 1 if projects were bundled within the same county; 0 
otherwise 

Bidding 
Competition Nr of Bids 

The actual number of bids submitted for a contract. The 
number of bids is a measure of competition intensity, it is 
used as an explanatory variable in the low-bid ratio model. 

 

6.2.4.2 Model Results for Number of Bidders 

The competition levels (dependent variable) are classified into five ordinal levels based on the 

actual number of bids in the contract auctions: level 1 (1-2 bidders); level 2 (3-4 bidders); level 3 

(5-6 bidders); level 4 (7-8 bidders) and level 5 (more than 8 bidders). The distributions of the 

competition levels for past contracts at different work categories are provided in Table 6.7.  

Table 6.7 Distribution of Competition Level 

 
Work Category  
of Lead Project 

Competition Level 
1 2 3 4 5 

Number of Bidders 
1-2 3-4 5-6 7-8 >8 

Number of Contracts 
Bridge 185 341 328 172 58 
Road 723 1011 399 125 41 
Traffic 166 227 103 59 24 
Small-structures 49 148 78 51 56 
Miscellaneous 66 177 134 57 19 
Utility 1 2 0 1 0 
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The random effect ordinal logit model was applied to estimate the probabilities of different 

bidding competition levels for all projects, and for projects in each work category, respectively. 

Table 6.8 presents the model estimation results for all past projects. As discussed earlier, in order 

to capture the non-linear relationship between contract size and the competition, a natural 

logarithm transformation was applied to the contract cost (measured in terms of the Engineer’s 

Estimate). It was found that contract cost, when transformed logarithmically, is highly significant 

with a positive sign. This means the competition level increases as the contract cost increases, 

indicating that larger contracts are typically more attractive to contractors than small contracts.  

According to the estimations for the lead project’s work category, with Traffic and 

Miscellaneous work (no significant difference between the two) as the baseline, Bridge and Small-

structures contracts are more competitive and Road contracts are less competitive. In terms of the 

bundling effect, the coefficient estimated for the variable NBP is negative, indicating that the 

number of bidders increases as the bundle size increases for all projects in general. This is 

consistent with the previous study which states that bundling could potentially reduce the market 

competition (Estache and Iimi 2008; 2011). However, for project with relatively small value size, 

bundling it with other projects might significantly increase the contract cost and thus might offset 

the negative effects of the increased bundle size on bidding competitions. With regard to effects 

of the bundling combinations, it was found that the competition of a project increases when it is 

bundled with Bridge and Traffic kin projects and lower when it is bundled with Road and Small-

structures kin projects. In addition, contracts let in spring and summer month were generally found 

to have fewer bids submitted; Urban and Local projects were found to be less competitive than 

their Rural and State counterparts in general. 

 

Table 6.8 Results of Number of Bidders Model (for All Projects) 

All Projects 
n = 4,277 observations; 2*(LL(0) – LL(β)) = 317.29; AIC=13,380 

Variables (Fixed Effect) Estimate Std. Error z value Pr(>|z|) 
ln(Eng. Estimates) 0.2073 0.0227 9.1256 < 2.22e-16 
Bridge Lead Project 0.3259 0.0863 3.7779 0.00015816 
Road Lead Project -1.0311 0.0766 -13.4518 < 2.22e-16 
Small-structures Lead Project 0.9296 0.1268 7.3331 2.25E-13 
NBP -0.0616 0.0179 -3.4407 0.00058017 
Bridge Kin Project 0.3821 0.1047 3.6507 0.0002615 
Road Kin Project -0.3246 0.1192 -2.7234 0.00646076 
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Table 6.8 continued 

Traffic Kin Project 0.6013 0.1308 4.5978 4.27E-06 
Small-structures Kin Project -0.5963 0.1637 -3.6436 0.00026886 
Same Corridor 0.1868 0.1039 1.7985 0.07209593 
Same County 0.9737 0.1074 9.0622 < 2.22e-16 
Interstate -0.1312 0.0847 -1.549 0.12137922 
Urban Project -0.2487 0.0578 -4.3011 1.70E-05 
Local Project 0.5909 0.0684 8.6438 < 2.22e-16 
Letting In Sprint -0.4978 0.0599 -8.3161 < 2.22e-16 
Letting In Summer -0.4945 0.0704 -7.0259 2.13E-12 
Grouping Variable (Random Effect) Variance Std. Dev 
Letting Year 0.195 0.442 

Thresholds 𝜃[ = 1.94 𝜃_ = 3.98 𝜃� = 5.39 𝜃¬ = 6.81 
 

Tables 6.9 (a)-(e) summarized the model estimation results for each work category. It was 

found that the contract size value (represented by the Engineer’s Estimate), when transformed 

logarithmically, is significant for all work categories except for Small-structures work. The 

estimation results indicate that, as the contract value increases, the competition level significantly 

increases for Bridge, Road and Traffic contracts, and decreases for Miscellaneous contracts. 

Therefore, it can be concluded that contractors are generally more motivated to bid for a Bridge, 

Road or Traffic contract when the contract value increases, but are less willing to bid for a 

Miscellaneous contract if it has a high cost. Such opposing effects cannot be captured by a model 

that is developed for all work categories combined.  

The project type of a lead project in a contract also makes a significant difference in 

contract’s competition level. For Bridge work, it was found that Major Bridge work (that includes 

B1, B2, B3 and B5) is more competitive than other Bridge projects. For Road work, if the lead 

project is one of the project types R1, R2, R7 or R11, the competition level will be higher. On the 

other hand, Road contracts with lead project of type R4 or R10 were found to be less competitive 

than the rest. Traffic contracts with lead project of type T2 are more competitive and the contracts 

with lead project of type T6 have on average fewer competitors than the rest. Small-structures 

contracts with lead project type S1 were found to be associated with lower competition levels than 

the others. For Miscellaneous contracts, having a lead project of type M3 or M4 can attract more 

competitiveness compare than the others. 

In terms of the effect of bundle size, the number of bundled projects was found to be a 

significant factor with positive signs for Traffic work and negative signs for projects in all the 
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other work categories. This means that increasing bundle size reduces the number of bidders for 

most project types in general but can enhance the competition for Traffic work. This might because 

Traffic work is generally less expensive and less complex compared to other projects. Therefore, 

bundled Traffic work might be more profitable and consequently more attractive to contractors 

compared to other work categories. 

 The effect of different combinations of work categories in a bundled contract is accounted 

by using the kin project indicator variables. It was found that Bridge projects, when bundled with 

Road projects, have a lower competition level compared to bundled with other projects. For Road 

contracts, the competition level was found to be higher if the kin projects contain Bridge work. 

For contracts in other work categories, no significant difference was found between different kin 

project types, because the modeling dataset contained very limited observations of Traffic, Small-

structures or Miscellaneous contracts that were bundled with projects from a different work 

category.  

 The random-effects variable “letting year” was used to account for the unobserved 

heterogeneity across years. It was found that the variance component of the letting year estimated 

for Road work is smaller than the variance components of other work types. This is consistent with 

the trend observed in Figure 6.5 where the variations of the number of bids across different years 

is smaller for Road work compared to other work categories. The letting season, another factor 

that accounts for temporal (seasonal) effects, was included as a fixed-effects variable. It was found 

projects are generally less competitive during the spring and summer months for most project types. 

In addition, urban Bridge, Road and Small-structures projects were found to be less competitive 

than their rural counterparts. For Road and Traffic work, State projects were found to be generally 

associated with lower competition compared to local projects. 

A sample calculation is provided below to illustrate the application of the developed model 

on a hypothetical Bridge contract. Assuming there is a $1-million bundled contract containing a 

lead project of new bridge work (on a local road and in a rural area) and a road kin project bundled 

along the same corridor, the estimated probability of the contract being at each of the five 

competition levels can be calculated as below: 

𝛽𝑋 = 0.32 − 	0.987(1) − 0.122�𝑙𝑛(1,000,000)� + 	0.055(2) + 1.068(1) − 	0.690(1) = 2.18 

Equation 6.8 
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𝑃�𝑌"Í ≤ 1� = ¿l�(°.�_§_.[²)
[|ÕÖ�(°.�_§_.[²)

= 0.135; 𝑃�𝑌"Í = 1� = 0.135 

𝑃�𝑌"Í ≤ 2� = ¿l�(_.[°§_.[²)
[|¿l�(_.[°§_.[²)

= 0.480;    𝑃�𝑌"Í = 2� = 0.480 − 0.135 = 0.345	 

𝑃�𝑌"Í ≤ 3� = ¿l�(�.®�§_.[²)
[|	¿l�(�.®�§_.[²)	

= 0.825;    𝑃�𝑌"Í = 3� = 0.825 − 0.48 = 0.345	 

𝑃�𝑌"Í ≤ 4� = ¿l�(_.[°§_.[²)
[|	¿l�(_.[°§_.[²)	

= 0.963;       𝑃�𝑌"Í = 4� = 0.963 − 0.825 = 0.139		          

      𝑃�𝑌"Í = 5� = 1 − 0.963 = 0.037	 

Equation 6.9 

 

Table 6.9 Results of Number of Bidders Model (for each Work Category) 

(a) Bridge Work 
n = 1,084 Observations; -2*(L(0)-L(β)) = -2,679.6; AIC =  2,979 

Variables (Fixed Effect) Estimate Std. Error z value Pr(>|z|) 
ln(Eng. Estimates) 0.12170 0.06030 2.01960 0.04342 
Lead Project, Major Bridge Work 0.98730 0.13670 7.22210 0.00000 
NBP -0.05520 0.02230 -2.47430 0.01335 
Road Kin Project -1.06840 0.40230 -2.65590 0.00791 
Same Corridor 0.68990 0.31720 2.17470 0.02966 
Urban -0.32250 0.12400 -2.60010 0.00932 
Letting In Spring -0.62960 0.12520 -5.02690 0.00000 
Random Effect  Variance Std. Dev 
Letting Year (Grouping Variable) 0.2655 0.5153 

Thresholds 𝜃[ = 0.32 𝜃_ = 2.10 𝜃� = 3.73 𝜃¬ = 5.44 
(b) Road Work 

N = 2,299 Observations; -2*(L(0)-L(β)) = -649.4; AIC = 5,170 
Variables (Fixed Effect) Estimate Std. Error z value Pr(>|z|) 
ln(Eng. Estimates) 0.1934 0.0346 5.595 2.21E-08 
Lead Project R1, R2, R7 or R11 0.6244 0.1215 5.1375 2.78E-07 
Lead Project R4 or R10 -1.1038 0.1115 -9.8974 < 2.22e-16 
NBP -0.0628 0.0247 -2.5402 0.011079 
Bridge Kin Project 0.726 0.165 4.3995 1.09E-05 
Same County 0.5719 0.2539 2.2525 0.024289 
Urban -0.2816 0.0878 -3.2059 0.001346 
Local 0.7303 0.104 7.0234 2.17E-12 
Letting in Spring -0.6748 0.0961 -7.0183 2.25E-12 
Letting in Summer -0.577 0.1069 -5.3955 6.83E-08 
Random Effect  Variance Std. Dev 
Letting Year (Grouping Variable) 0.1617 0.4021 

Thresholds 𝜃[ = 1.63 𝜃_ = 4.01 𝜃� = 5.71 𝜃¬ = 7.27 
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Table 6.9 continued 

(c) Traffic Work 
n = 524 Observations; 2*(L(0)-L(β)) = -173.33; AIC=1,472 

Variables Estimate Std. Error z value Pr(>|z|) 
ln(Eng. Estimates) 0.14732 0.07752 1.9 0.057395 
Lead Project T2 0.43971 0.23099 1.904 0.05696 
Lead Project T6 -1.40928 0.35552 -3.964 7.37E-05 
NBP 0.22922 0.09756 2.35 0.018795 
Letting In Summer -0.75175 0.21394 -3.514 4.42E-04 
State Projects -0.67614 0.20001 -3.381 0.000723 
Random Effect  Variance Std. Dev 
Letting Year (Grouping Variable) 0.3968 0.6299 

Thresholds 𝜃[ = 1.55 𝜃_ = 3.68 𝜃� = 4.93 𝜃¬ = 6.42 
(d) Small-structures Work 

   N = 380 Observations; -2*(L(0)-L(β)) = -188.59; AIC=977; 
Variables Estimate Std. Error z value Pr(>|z|) 
Lead Project S1 -2.6693 0.264 -10.1093 < 2.22e-16 
NBP -0.2099 0.0741 -2.8318 0.004629 
Same County -0.3042 0.7584 -0.4012 0.688302 
Letting In Spring -0.3884 0.227 -1.7105 0.087168 
Letting In Summer -0.6539 0.2899 -2.2555 0.024104 
Urban -0.8185 0.2575 -3.179 0.001478 
Random Effect  Variance Std. Dev 
Letting Year (Grouping Variable) 0.30222 0.5497 

Thresholds 𝜃[ = −4.93 𝜃_ = −1.97 𝜃� = −0.648 𝜃¬ = 0.39 
(e) Miscellaneous Work 

n = 397 Observations; 2*(LL(0) – LL(β)) = -84.14; AIC = 1,210 
 Variables Estimate Std. Error z value Pr(>|z|) 
ln(Eng. Estimates) -0.218 0.0734 -2.9724 0.002955 
Lead Project M3 1.4181 0.7989 1.7751 0.075885 
Lead Project M4 0.9614 0.3416 2.8141 0.004892 
NBP -0.1524 0.1204 -1.2655 0.205709 
Same County 2.0893 0.5612 3.7232 0.000197 
Letting In Spring -0.9709 0.207 -4.6895 2.74E-06 
Letting In Summer -1.1206 0.2572 -4.3572 1.32E-05 
Random Effect  Variance Std. Dev 
Letting Year (Grouping Variable) 0.4077 0.638 

Thresholds 𝜃[ = −3.44 𝜃_ = −1.20 𝜃� = 0.46 𝜃¬ = 2.10 
 

6.2.4.3 Model Results for Winning-Bid Ratio 

Another commonly-used measure of bidding competition is the winning-bid ratio (the ratio of the 

winning bid price (in most cases the lowest bid) to the Engineer’s Estimate of a contract). A ratio 
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significantly smaller than 1 indicates that the project is awarded at a price much lower than the 

estimated cost indicating intense bidding competition, and vice versa. The winning-bid ratios 

(competition) are grouped into 6 levels based on the winning bid ratio (as shown in Table 6.9): 

Level 1 (for ratio<0.7), Level 2 (for ratio between 0.7 and 0.8), Level 3 (for ratio between 0.8 and 

0.9), Level 4 (for ratio between 0.9 and 1), Level 5 (for ratio between 0.9-1) and Level 6 (for ratio 

between >1.1). Most of the contracts were awarded at a ratio between 0.8 to 1. A lower level of 

winning-bid ratio represents a higher level of bidding competition. 

Table 6.10 Distribution of Winning-Bid Ratios 

 
Work Category  
of Lead Project 

Level of Winning-Bid Ratio (Competition) 
1 2 3 4 5 6 Total 

Contracts Range of Winning-Bid Ratio 
<0.7 0.7-0.8 0.8-0.9 0.9-1 1-1.1 >1.1 

Number of Contracts 
Bridge 110 156 236 239 145 198 1084 
Road 341 418 538 495 294 213 2299 
Traffic 97 84 110 117 80 91 579 
Small-structures 69 60 82 61 46 64 382 
Miscellaneous 111 50 73 73 66 80 453 

 

In the winning-bid ratio models, the number of bids (which is the dependent variable in the 

competition level model) was included as an explanatory variable to account for the effects of 

varying market conditions. The results of winning-bid ratio model are presented in Table 6.11 for 

each work category. The contract cost is significant for all work categories with negative signs, 

indicating that the winning-bid ratio decreases with increasing contract size value. The variable Nr 

of bidders is also significant with negative sign for all work categories, indicating that contract 

with more competitors was awarded at a lower price. This means that contractors tend to submit 

lower bid price for a contract when competing with a large number of bidders. 

In terms of the bundling effects, it was found that as the bundle size (NBP) increases, the 

winning-bid ratio decreases first and then increases for Bridge and Road work, but increases for 

Traffic and Miscellaneous work. For Small-structures work, the winning-bid ratio increases first 

and then decreases. In addition, it was found that Road contracts when bundled with Road kin 

projects, were awarded at lower bid ratios indicating higher competitiveness, and those containing 

Bridge kin projects were awarded at higher bid ratio. Same County/Same Corridor Indicator, when 

equal to one (projects are bundled within the same county or along the same corridor), was found 
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to decrease the winning-bid ratio for Bridge and Road contracts. This indicates that contractors are 

willing to bid lower for projects that are closely located. 

Table 6.11 Model Results for Winning-Bid Ratio 

Variables Estimate Std. Error z value Pr(>|z|) 
(a) Bridge 

N = 1,084 Observations;   AIC = 3,660;   2*(LL(0) – LL(β)) = 173.14 
Log(Eng. Estimates) -0.37122 0.058147 -6.384 1.72E-10 
Lead Project, Bridge Minor Work -0.47933 0.138888 -3.451 0.000558 
NBP -0.09889 0.045725 -2.163 0.030566 
NBP2 0.004636 0.002038 2.275 0.022925 
Same County -0.73716 0.314139 -2.347 0.018945 
Nr of Bids -0.25224 0.026607 -9.48 < 2e-16 
Interstate 0.277168 0.153645 1.804 0.07124 
Letting in Spring 0.228319 0.120202 1.899 0.057503 

Thresholds 𝜃[ = −9.62 𝜃_ = −8.49 𝜃� = −7.41 𝜃¬ = −6.37 𝜃ä = −5.55 
(b) Road 

n = 2,299 Observations;    AIC = 7,753;    2*(LL(0) – LL(β)) = 317.29 
Log(Eng. Estimates) -0.16173 0.035268 -4.586 4.52E-06 
Lead Project, Major Road Work -0.75735 0.163611 -4.629 3.67E-06 
Lead Project. Minor Road Work -0.63282 0.091541 -6.913 4.74E-12 
NBP -0.26117 0.066123 -3.95 7.82E-05 
NBP2 0.008864 0.003164 2.802 0.005085 
Road Kin Project -0.32551 0.151135 -2.154 0.031257 
Bridge Kin Project 0.532554 0.173243 3.074 2.11E-03 
Nr of Diff. Work Cate. 0.225897 0.077142 2.928 0.003408 
Same County -0.89876 0.236853 -3.795 0.000148 
Same Corridor -0.22146 0.144641 -1.531 1.26E-01 
Nr of Bids -0.18901 0.024102 -7.842 4.43E-15 
Urban 0.382875 0.081496 4.698 2.63E-06 
Local -0.75852 0.09243 -8.206 2.28E-16 
Letting in Summer 0.335892 0.092557 3.629 0.000285 
Thresholds 𝜃[ = −6.42 𝜃_ = −5.29 𝜃� = −4.23 𝜃¬ = −3.14 𝜃ä = −2.06 

(c) Traffic 
n = 5,793 Observations;   AIC = 1979;    2*(LL(0) – LL(β)) = 102.01 

Log(Eng. Estimates) -0.1824 0.06999 -2.606 0.00916 
Lead Project T1,T2,T6 -0.71343 0.15852 -4.501 6.78E-06 
NBP 0.11918 0.08007 1.488 0.13664 
Nr of Bids -0.312 0.03693 -8.449 < 2e-16 
Thresholds 𝜃[ = −5.44 𝜃_ = −4.54 𝜃� = −3.64 𝜃¬ = −2.66 𝜃ä = −1.77 
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Table 6.11 continued 

(d) Small-structures Work 
n = 331 Observations;    AIC = 1,324;    2*(LL(0) – LL(β)) = 57.24 

Log(Eng. Estimates) -0.73254 0.133913 -5.47 4.49E-08 
Lead Project S2 1.154148 0.264397 4.365 1.27E-05 
Lead Project S3 1.67729 0.378005 4.437 9.11E-06 
NBP 0.257832 0.097596 2.642 0.00825 
NBP2 -0.00764 0.003849 -1.986 0.04704 
Nr of Bidders -0.17018 0.040221 -4.231 2.33E-05 
Urban 0.393136 0.238203 1.65 0.09886 

Thresholds 𝜃[ = −10.81 𝜃_ = −9.90 𝜃� = −8.92 𝜃¬ = −8.14 𝜃ä = −7.36 
(e) Miscellaneous Work 

n = 453 Observations;    AIC = 1,499;     2*(LL(0) – LL(β)) = 121.67 
Log(Eng. Estimates) -0.2076 0.08185 -2.536 0.0112 
Lead Project M1 or M2 -1.1561 0.3743 -3.089 0.00201 
Lead Project M5 0.65722 0.46952 1.4 0.16158 
NBP 0.25165 0.12545 2.006 0.04487 
Nr of Bidders -0.1768 0.04253 -4.157 3.23E-05 
Urban -0.37673 0.20999 -1.794 0.07281 
Local 0.76689 0.46641 1.644 0.10013 

Thresholds 𝜃[ = −4.08 𝜃_ = −3.38 𝜃� = −2.57 𝜃¬ = −1.79 𝜃ä = −0.93 
 

6.2.4.4 Sensitivity Analysis of Bidding Competition to the Bundling Effects 

Sensitivity analysis was carried out to show the change in the probability of a contract being at 

each competition level and being awarded at each bid ratio level in response to changing levels of 

a given explanatory variable while other explanatory variables kept the same. Figures 6.6(a)-(d) 

present the sensitivity of the probability of each competition level to the contract size, bundle size 

and bundling combination, respectively. Figure 6.6(a) suggests that the competition level is 

affected by contract value for all the work categories except Small-structures. For Bridge, Road 

and Traffic contracts, it was observed that as the contract cost increases, the probability of a 

contract being at the lower competition levels (levels 1 and 2) decreases and the probability of 

being at higher levels (levels 4 and 5) increases, while the probability of the medium level (level 

3) might increases first and then decreases. For Miscellaneous work, however, an opposite 

relationship was observed.   

In terms of contract’s bundle size (see Figure 6.6(b)), the competition level was found to 

be very sensitive to the number of bundled projects for all work categories. For Bridge, Road, 
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Small-structures and Miscellaneous work, increasing the bundle size always leads to a higher 

probability of the lowest-level competition, and a lower probability of the highest-level 

competition. For Traffic work however, an opposite relationship was observed. 

Figure 6.6(c) compares these probabilities under different work type combinations for 

Bridge and Road contracts. It was found that, for Bridge contracts, the estimated probabilities of 

the five competition levels distributed similarly between single-project contracts and contracts 

bundled with one non-road kin project. However, a significant difference was found between 

single-project contracts and contracts bundle that contains one Road kin project. This means that, 

although bundling decreases the competition level for Bridge contract, such an effect is not 

significant when only two projects are bundled unless it is bundled with a Road project. For single-

project Road contracts, adding a non-bridge project causes a slight decrease in the competition 

level. However, adding a Bridge kin project into the contract greatly reduces the probabilities of 

lower-level competition (levels 1-2) and enhances the probabilities of higher-level competition 

(levels 4-5). This means that although increasing bundle size reduces the competition for Road 

contract, bundling it with Bridge projects might increase the competition. 

    
(a) Contract Size Value 

  
(b) Number of Bundled Projects 

Figure 6.6 Sensitivity of Market Competition Levels to the Bundling-related Factors (Contract 
size, Bundle Size, and Bundling Combinations) 
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Figure 6.6 continued 

     
 (c) Bundling Combination (Combination of Lead and Kin Projects) 

 

Figures 6.7(a)-(c) present the sensitivity analysis results for the probability of a contract 

being awarded at each bid ratio level with regard to contract value, bundle size and number of 

bidders, respectively. According to Figure 6.7(a), the Bridge and Small-structures contracts seems 

to be influenced the most significantly by the increase of contract value. According to Figure 6.7(b), 

the number of bundled projects was found to be more influential to Traffic, Small-structures and 

Miscellaneous contracts than it is to Bridge and Road contracts. For Bridge and Road work, the 

probability of the contract being awarded at a low-level bid ratio increases until a bundle size 

threshold is reached and then starts decreasing; and the probability of high-level bid ratio decreases 

first and then increases. For Small-structures work, the opposite relationship was observed. The 

bundle size thresholds 10, 15 and 16 were found for Bridge, Road and Small-structures work, 

respectively (as marked in the figure). In terms of the effect of Nr of Bidders, the probabilities of 

the bid ratio levels were found to be very sensitive to the increasing number of bidders, for all 

types of contracts (as shown in Figure 6.7(c)). 
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(a) Contract Size  

 
(b) Number of Bundled Projects 

 
(c) Number of Bidders 

 
Figure 6.7 Sensitivity Analysis of Winning-Bid Ratio to Bundling Factors 

6.3 Chapter Summary 

The first part of this chapter described and quantified the relationship between the number of 

bidders and contract’s bundle size (number of bundled projects) using an average number of bids 

model, an upper bound model and a beta probability distribution model. It was found that, although 

the average number of bidders and contract size are not highly correlated, the highest number 

10 

15 
16 
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(upper bound) of bidders decreases significantly as the number of bundled projects increases. The 

developed upper bound model can be used to estimate the “optimistic” market competition for 

contract with a certain bundle size. The Beta probability distribution model estimates the actual 

distribution of the number of bidders for different bundle sizes. The developed probability 

distribution models can be used to estimate the bidding market uncertainties. 

 In the second part of this chapter, predictive models (which consider not only the bundling-

related variables but also other factors such as the temporal effects on market condition) were 

developed to estimate the number of bidders and the winning-bid ratio, respectively. The two 

metrics are commonly used measures which reflect the market condition and the intensity of 

bidding competition. Due to the large variations and uncertainties associated with the market 

competition, probabilistic method (ordinal logistic model) was used to predict the probability of 

each competition level. To account for temporal effects (such as varying economic conditions and 

number of available projects in the market over years) on the bidding competition, the project 

letting year was treated as a random-effects grouping factor in the developed model. Factors found 

to be critical to the market competition include contract size value, road functional class, seasonal 

effects and bundling-related factors in terms of bundle size, bundling combinations and spatial 

proximity.   



132 
 

 IMPACT OF BUNDLING ON PROJECT COST 

In this chapter, the bundling effects on project costs were investigated through (a) average cost 

comparison; (b) corridor analysis; and (c) regression analysis. In the first part of this chapter, the 

average unit cost of stand-alone projects in the past 10 years were compared with those of their 

bundled counterparts. The corridor analysis was then carried out on several selected corridors to 

compare the cost of stand-alone and bundled projects along the same corridor. In the second part 

of this chapter, multivariate regression models for the project cost at the award phase, were 

developed to relate project cost to not only project-specific factors (such as project type and size), 

but also the contract-specific (bundling-related) factors (such as the number of bundled projects, 

the number of bidders, and the project similarity/spatial proximity between projects in a contract 

bundle). Also, the three economies (economies of scale, economies of bundling and economies of 

competition) were investigated and their effects on project costs were quantified using the 

developed statistical models. In addition, using the number of bids models developed in Chapter 

6, this chapter analyzed the bundling effects under (a) an “optimistic” bidding competition, and (b) 

market uncertainties. 

7.1 Average Cost Comparison 

Prior to developing the regression models, an average cost approach was used to compare the 

project cost and unit cost across various project types. The average unit cost for a given project 

type is the project award amount divided by the project size (i.e., the deck area, project length, 

number of lanes). The unit cost is expressed in as $ per square foot, $ per lane mile, $ per mile 

depending on the project type. For some project types, such as R12-Interchange Work and S2-

Small Structure Installation, the unit cost is measure as $ per site. Projects with missing data on 

the project size (e.g., deck area, project length or number of lanes) were excluded from the analysis. 

All the costs were converted into their corresponding year 2015 constant dollar value. In addition, 

to get a more reliable estimation, projects with extremely high (higher than 98 percentile) or low 

(lower than 2 percentile) unit costs were removed as outliers. It was also noticed that the unit cost 

of project B8-Misc. Bridge Rehab & Repair has very high standard deviation (higher than the 
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mean). This is because this project type encompasses many different work types including fiber-

wrapping columns, repairing deck joints, patching bridge rail, repairing approach slabs and so on. 

A main task of this chapter is to investigate the benefit of project bundling in terms of 

project cost savings. In this section, the average unit cost approach was applied to examine how 

the unit cost of a bundled project differs from that of an identical stand-alone project. Table 7.1 

summarizes, for all the past projects, the average unit cost of stand-alone projects and their bundled 

counterpart, by project type. 

Table 7.1 Comparison of Unit Cost Between Stand-alone and Bundled Projects 

Project Type 
Stand-alone Projects Bundled  

Projects Unit 
N Avg. Unit 

Cost N Avg. Unit 
Cost 

B1-New Bridge 44 $525 278 $257 $/sqft 
B2-Bridge Replacement 189 $417 157 $388 $/sqft 
B3-Superstructure Replacement 26 $193 59 $236 $/sqft 
B4-Deck Replacement 27 $146 94 $131 $/sqft 
B5-Bridge Widening 16 $189 77 $133 $/sqft 
B6-Bridge Deck Overlay 112 $79 410 $87 $/sqft 
B7-Thin Deck Overlay 22 $56 276 $23 $/sqft 
B8-Misc. Bridge Rehab & Repair 134 $127 735 $26 $/sqft 
R1-New Road Construction 18 $1,786,310 53 $45,586,392 $/lane-mile 
R2-Added Travel Lanes 35 $9,025,986 54 $22,110,206 $/mile 
R3-Patch & Rehab Pavement 74 $256,677 86 $117,262 $/lane-mile 
R4-Partial 3 596 $128,024 500 $2,179,431 $/lane-mile 
R5-Road Rehabilitation (3R/4R) 71 $1,723,038 57 $1,517,060 $/lane-mile 
R6-Wedge & Level Only 34 $153,758 11 $115,378 $/mile 
R7-Sight Distance Correction 25 $12,321,212 10 $1,698,604 $/mile 
R8-Shoulder Rehab & Repair 1 $117,760 2 $259,131 $/mile 
R9-Pavement, Other 15 $554,054 13 $217,264 $/lane-mile 
R10-Pavement Replacement 105 $518,751 104 $795,737 $/lane-mile 
R11-Intersection Improvement 50 $1,243,710 40 $1,292,892 $/site 
R12-Interchange Work 5 $967,159 29 $11,867,906 $/site 
T1-ITS 15 $741,330 27 $182,165 $/mile 
T2-Signing 16 $4,232,991 86 $5,193,647 $/mile 
T3-Traffic Signals 44 $23,957,564 78 $7,983,374 $/mile 
T4-Pavement Markings 14 $2,019,057 12 $126,861 $/mile 
T5-Guard Rail, Cable Barrier Wall 47 $10,646,354 14 $6,545,773 $/mile 
T6-Lighting 9 $6,116,593 16 $4,024,753 $/mile 
M1-Demolition 39 $30,953,165 7 $271,664 $/site 
M2-Channel and Ditch Work 9 $1,480,951 14 $11,122,823 $/mile 
M3-Stormwater Improvements 6 $793,140 7 $368,055 $/site 
M4-Slide Correction 18 $22,629,027 16 $17,084,085 $/mile 
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Table 7.1 continued 

M5-Paths, Sidewalks, Curb Ramps 130 $1,347,012 35 $936,648 $/mile 
S1-Pipe Lining 29 $12,148,344 46 $33,965,344 $/mile 
S2-Small Structure Installation 143 $443,534 184 $360,232 $/site 
S3-Small Str. Maintenance, Repair 28 $319,713 43 $240,263 $/site 

Note: N is the sample size 

From the results of unit cost comparison between past stand-alone and bundled projects 

(Figure 7.1), it is observed that the bundled projects, on average, have lower unit costs compared 

to their stand-alone counterpart projects for most Bridge projects (excpet for B3 and B6). For Road 

projects, the average unit cost of bundled projects are lower than stand-alone projects for project 

types R3, R5, R6, R9 and R7. However, for Road project types R1, R2, R4, R10 and R12, the 

opposite results was found. For Traffic work, bundled projects have significanlty lower unit cost 

than their stand-alone counterparts, for all the Traffic project types except T2. The unit cost 

reductions due to bundling were found to be significant for Miscellaneous project types M3, M4, 

M5. For small-structures project types S2 and S3, slight difference was found between the unit 

cost of stand-alone and bundled projects. Further, for M2 and S1, bundling was found to lead to 

much higher unit costs, on average, compared to standalone projects.  

 

 
(a) Bridge Work 

Figure 7.1 Comparison of Unit Cost Between Stand-alone and Bundled Projects 
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Figure 7.1 continued 
 

  
(b) Road Work 

 

 
(c) Traffic Work 

  
(d) Other Work 

 

The analysis in this section, however, only compared the stand-alone projects and bundled 

projects without considering the effects of bundle size (number of projects in a bundle). However 
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in fact, the relationship between project cost and bundle size could be not only non-linear but also 

non-monotonic. For example, project cost might first decrease and then increase with increasing 

bundle size, or vice versa. In addition, the average cost approach does not provide the full 

information needed to show the bundling effect, because it does not consider economies of scale 

and other important variables. In subsequent section of this dissertation, additional analysis is 

carried out to determine whether project bundling actually leads to significant cost savings, and 

which project types exhibit this phenomenon. 

 

7.2 Corridor Analysis 

In this section, corridor analyses were carried out to compare the average unit costs of projects in 

contracts with different bundle sizes on the same corridor (same road). Several major roads in the 

state of Indiana that have had multiple projects in the past few years were selected for corridor 

analysis, including I-65, I-69, I-70, I-465, US31, US24 and State Road 25. Table 7.2 presents the 

number of past single projects and projects along the same corridor are shown for each road and 

project type. Outlying observations that is, projects with unusually high or low unit cost were 

removed from analysis, Also, project type B8 was excluded due to the large variation of its unit 

cost. 

Table 7.2 Number of Projects on Several Major Roads in Indiana 

Corridor 
(Route) 

I65 I69 I70 I465 US31 US24 SR25 

Single(S)/ 
Bundled(B): 

S B S B S B S B S B S B S B 

Project Types Number of Projects from Year 2008 to 2018 
B1  0 1 0 2 0 36 0 2 2 65 0 15 6 48 
B2  1 8 2 25 1 5 2 25 1 10 2 1 0 2 
B3  0 4 0 0 2 11 0 0 1 0 0 0 0 0 
B4  1 7 0 0 2 1 0 0 1 3 0 0 0 0 
B5  0 7 1 4 0 1 1 4 0 1 0 0 0 0 
B6  2 19 0 2 5 24 0 2 3 3 2 2 0 1 
B7  0 9 0 8 0 11 0 8 1 2 0 3 0 3 
B8  14 48 5 11 4 50 5 11 1 14 0 12 0 0 
R1  0 0 4 0 0 0 4 0 7 0 0 0 2 0 
R2  1 1 0 0 1 2 0 0 1 1 0 0 0 0 
R3  0 0 0 0 0 0 0 0 1 0 0 1 0 0 
R4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
R5 0 0 0 0 0 0 0 0 0 0 0 0 1 1 
R6 0 0 0 0 0 9 0 0 1 17 0 4 0 13 
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Table 7.2 continued 

R7  1 0 0 7 2 3 0 7 0 5 0 0 1 0 
R8  6 3 3 1 2 1 3 1 3 2 0 0 1 2 
R9  16 12 2 1 8 8 2 1 12 2 11 1 4 2 
R10  1 1 0 0 0 0 0 0 0 3 0 0 0 0 
R11  0 0 0 0 0 0 0 0 0 0 1 0 0 0 
R12  0 0 0 0 0 0 0 0 0 0 0 0 0 0 
T1  0 0 0 0 0 0 0 0 0 0 0 0 0 0 
T2  0 0 0 0 1 0 0 0 0 1 0 0 0 0 
T3  1 3 0 0 0 0 0 0 1 0 0 1 0 0 
T4  0 0 0 0 0 0 0 0 1 2 0 1 1 0 
T5  0 5 0 10 1 7 0 10 0 3 0 1 1 0 
T6  8 43 4 5 1 21 4 5 3 7 1 17 0 0 
S1  0 0 1 0 0 0 1 0 2 0 2 0 1 2 
S2  1 0 1 0 0 0 1 0 0 0 2 3 1 0 
S3  1 6 6 0 0 1 6 0 0 3 0 0 0 0 
M1  1 5 1 4 0 6 1 4 0 12 0 4 0 3 
M2  0 0 0 4 2 2 0 4 3 9 1 4 0 0 
M3  0 0 0 0 0 0 0 0 0 1 0 0 0 0 
M4  8 1 0 0 5 1 0 0 1 0 0 0 0 0 
M5  1 1 0 3 1 0 0 3 0 0 0 0 0 0 
U1  0 0 0 0 0 0 0 0 0 0 0 0 0 0 
U2  0 0 0 0 0 0 0 0 0 4 0 2 0 0 

Total 64 184 30 87 38 200 30 87 46 170 22 72 19 77 
 

7.2.1 The I-65 Corridor 

First, we use the I-65 corridor, which has had the most projects implemented in recent years, to 

illustrate how the project unit cost of a stand-alone project differs from the same type of project 

that is bundled with other projects along the corridor. The differences in the unit cost of projects 

that are bundled with different numbers of kins were also compared.  

Corridor analysis was carried out for Bridge work in the I-65 corridor. Bridge project type 

B2-Bridge Replacement was first analyzed. The bridge replacement projects conducted along the 

I-65 corridor from Year 2008 to 2018 are listed in Table 7.3. The Nr of Bundled Project refers to 

the total number of projects (same type or different types) bundled in a contract on I-65, but only 

the project with project type B2-Bridge Replacement are listed in the table. For example, there are 

3 projects in Contract 35187, but only Project 1298696 is considered in the analysis, because the 

other two projects in the contract are not of type B2. A project in a contract with only one project 

is, by definition, a stand-alone project.  
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According to the corridor analysis results (Table 7.3 and Figure 7.2(a)), The unit cost of 

the project in Contract 35187 (2 projects) has higher unit cost ($783/sq ft) compared to their 

counterpart projects in Contract 35492 (6 projects) and Contract 37549 (7 projects). In this special 

case, project bundling along a corridor shows significant project cost savings, and the benefit is 

even more significant when more projects are bundled. 

Table 7.3 Cost Comparison for Bridge Replacement Projects along the I-65 Corridor 

Contract 
Types 

Contract 
No. 

Project 
No 

Letting 
Year 

Nr of 
Bundled 
Projects 

Project 
Award 

Deck 
Area 
(sqft) 

Unit 
Cost 

($/sqft) 

Average 
Unit 
Cost 

Bundled 
Contract 

35187 1298696 2014 3 $2,406,322 3072 $783 $783 
35492 1296631 2016 6 $2,415,973 3072 $786 

$662 
35492 

1296728 
2016 6 

$2,432,755 4980 $489 
1296776 $6,828,587 9616 $710 

37549 
1173615 

2014 7 
$6,855,501 9616 $713 

$497 
1173617 $3,424,164 12167 $281 

 

 

     
(a) Bridge Replacement    (b) Bridge Deck Overlay 

 
Figure 7.2 Comparison of Average Unit Cost across Bundle Sizes, for Partial-3R Projects along 

the I-65 corridor 
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(c) Patch & Rehab Pavement     (d) Partial-3R 

 

The corridor analysis was then carried out for B6-Deck Overlay. Whereas the project unit 

cost of bridge replacement decreased continuously as the number of bundled projects in a contract 

increased, the Bridge Deck Overlay project in the I-65 corridor showed a different pattern (Table 

7.4 and Figure 7.2(b)): the unit cost of each stand-alone project is still higher than the average unit 

cost of bundled projects. A very significant reduction in average unit cost from ($78/sq. ft to $34/sq. 

ft) was observed when the Number of Projects increased from 1 to 3. It was found that the deck 

area of projects in Contract 35403 is smaller than the area of the two stand-alone projects, indicating 

that the decrease on the unit cost from stand-alone project to bundled projects (2 project) would 

be even larger if the economies of scale can be taken into account. However, when the contract 

gets larger (Nr of Project >=5), the unit cost starts increasing. This might mean that there exists a 

threshold on contract size, after which the project no longer benefits from project bundling. In 

general, however, the average unit cost of bundled projects is still much lower than that of the 

single projects in this corridor. In addition, it was noticed that the deck area of projects in Contract 

28973 is very small compared to other projects. This explains why the average unit cost of the four 

bundled projects exceeds those of two single projects; the economies of bundling is outweighed 

by the economies of scale. 
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Table 7.4 Cost Comparison for Bridge Deck Overlay Projects along the I-65 Corridor 

Contract 
Types 

Contr. 
ID 

Project ID Letting 
Year 

Nr of 
Bundled 
Projects 

Project 
Cost 

(Project 
Award) 

Deck 
Area 
(sqft) 

Unit 
Cost 

($/sqft) 

Average 
Unit 
Cost 

($/sq. ft) 
Stand-
alone 

Project 

34680 1173861 2014 1 $566,632 8192 $69 
$78 

35055 1296592 2015 1 $624,499 7187 $87 

Bundled 
Contract 

35403 1296137 2016 3 $187,300 5460 $34 $34 
37980 1296975 2016 5 $534,111 12320 $43 $43 

34753 
0300492 

2014 5 
$273,254 5426 $50 

$73 
0900524 $468,197 5346 $88 
1173631 $734,539 7124 $103 

34753 1173632 2014 5 $546,364 6802 $80 
33066 1297418 2013 7 $364,139 6697 $54 $54 

28973 

0300462 

2015  10 

$270,489 3440 $79 

$84 
0300475 $231,569 3440 $67 
0300485 $259,761 2520 $103 
0300488 $222,714 2520 $88 

 

Corridor analysis on Road work was then carried out. There are much fewer Road projects 

compared to for Bridge projects on this corridor, making it hard to make a reliable estimate of the 

average costs of the former. Moreover, unlike Bridge projects, the sizes of Road projects varies 

from a very small road section (less than 0.1 mile) to a long road corridor (more than 30 miles). 

This large variation in project size leads to an unfair comparison of average costs due to the 

economies of scale. Therefore, when comparing the average unit cost for Road work, one needs to 

pay more attention to the project size. 

A corridor analysis along I-65 was conducted for Patch & Rehab Pavement projects and 

Partial-3R projects, and the results are presented in Tables 7.5 and 7.6 and Figures 7.2(c)-(d). A 

significant reduction in the average unit cost was found for Patch & Rehab Pavement projects. 

Although the project length varies greatly over different bundle sizes, the average project length 

of the bundled projects is smaller than that of the single projects. This means that, if the economies 

of scale is taken into account, the average unit cost of bundled projects would be reduced further 

due to project bundling. Therefore, we can conclude that, for this specific corridor, bundling 

projects would be very beneficial in terms of cost savings. For Partial-3R projects however, the 
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average unit cost seems to increase slightly as number of project increases, and the average project 

size (lane-mile) of projects with different Number of Projects is similar. This suggests that for this 

specific corridor, bundling R4-Partial 3 projects did not lead to cost savings.  

 

Table 7.5 Cost Comparison for R3-Patch & Rehab Pavement Projects along the I-65 corridor 

Contract 
Types 

Contract 
Number 

Project 
ID 

Letting 
Year NBP 

Project 
Award 

Project 
Length 
(mile) 

Nr of 
Lanes 

Unit 
Cost 

Average 
Unit Cost 

($ per 
lane-
mile) 

Single 
Project 

35938 1382525 2013 1 $5,306,410 1.502 4 $883,224 
$452,413 

39640 1601191 2016 1 $1,229,211 14.226 4 $21,601 
Bundled  
Projects 

38255 1401165 2015 2 $230,791 0.363 4 $158,947 $158,947 
37123 1400679 2014 3 $4,613,776 34.992 4 $32,963 $32,963 
31959 0900314 2009 6 $446,061 7.37 4 $15,131 $15,131 

 

Table 7.6 Cost Comparison for R4-Partial 3 Projects along the I-65 corridor 

Contract 
Number 

Project 
ID 

Letting 
Year 

Nr of 
Bundled 
Projects 

Project 
Award 

Project 
Length 

Nr of 
Lanes 

Unit 
Cost 

Average 
Unit 

Cost($ per 
lane-mile) 

30329 0400605 2011 1 $1,199,238 2.603 6 $76,786 

$140,471 
 

30671 0710161 2013 1 $710,388 1.82 6 $65,054 
30903 0710622 2009 1 $4,894,999 9.76 4 $125,384 
31664 0710118 2010 1 $2,669,626 5.6 4 $119,180 
32291 0710115 

 
2009 1 $3,445,981 10.1 4 $85,297 

33265 1005599 2010 1 $1,907,955 4.47 4 $106,709 
33813 1006431 2011 1 $9,197,038 9.943 4 $231,244 
34854 1173722 2014 1 $3,294,428 6.742 4 $122,161 
34902 1296970 2014 1 $2,795,375 8.722 6 $53,416 
35312 1297604 2013 1 $1,841,806 4.328 4 $106,389 
35314 12976077 2013 1 $1,475,514 1.201 4 $307,143 
35342 1297634 2014 1 $3,452,726 7.451 4 $115,848 
35931 1382521 2014 1 $2,783,549 5.931 4 $117,331 
36016 1296572 2016 1 $9,414,064 6.988 6 $224,529 
38324 1500344 2016 1 $975,297 0.973 4 $250,590 

29851 0501213 2008 2 $3,797,849 9.18 4 $103,427 

$155,006 0501214 $1,797,997 2.79 4 $161,111 
35049 1173721 2015 2 $1,849,588 1.048 6 $294,146 
35343 1297635 2013 2 $269,806 0.25 6 $179,870 
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Table 7.6 continued 

37695 1383602 2016 2 $4,534,109 10.025 4 $113,070 
 1401310 $2,222,507 7.269 4 $76,438 

38403 1500413 2016 2 $6,012,935 9.576 4 $156,979 
34142 1173041 2011 3 $4,112,222 6.736 6 $101,747 

$203,927 37123 1005501 2014 3 $3,756,530 2.932 4 $320,304 
1005502 $3,864,831 4.882 4 $197,912 

37549 1005494 2014 3 $7,641,785 9.76 4 $195,742 
34753 1005685 2014 5 $2,940,844 4.345 4 $169,209 $169,209 

 

7.2.2  Other Corridors 

A similar corridor analysis was carried out for Bridge projects along other corridors. A reason for 

focusing on bridges is the preponderance of this project type in the dataset. The results (Figure 7.3) 

show that a “U” shape was found for most scenarios; Also, the average unit cost seems to decrease 

significantly from single projects to bundled projects, until the bundle size passes a certain value, 

after which the average unit cost becomes stable or starts increasing. This U-shaped pattern 

between unit cost and Number of Project is due to the interaction between project size and market 

competition, as discussed earlier; an increasing bundle size can lead to a lower number of bidders, 

and the unit cost might start increasing at a certain point due to lower market competition. The 

best Number of Project for each scenario, is listed in Table 7.7.  This “optimal” Number of Project 

varies so much between corridors, that other factors may be in play.  In Section 7.3.4, a threshold 

analysis is conducted to search for an optimal bundle size for specific project types. 

 

Table 7.7 Corridor Analysis Results for Bridge Projects 

Project Type Corridor “Best” Bundle 
Size 

B1-New Road Construction I-69 7 
B1-New Road Construction US-31 8 
B1-New Road Construction SR-25 3 
B2-Bridge Replacement along I-465 10 
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(1) B1-New Road Construction along the I-69 

Corridor (Best Nr of Project: 7) 
(2) B1-New Bridge along the US31 Corridor 

(Best Nr of Project: 8) 

  
(3) B1-New Road Construction along the SR25 

Corridor (Best Nr of Project: 3) 
(4) B2-Bridge Replacement along the I-465 

Corridor (Best Nr of Project: 10) 
 

Figure 7.3 Comparison of Average Unit Cost for Bridge Projects along Different Corridors 

7.3 Statistical Model Development 

The use of an average number to represent the unit cost of a project is convenient and 

straightforward. However, this approach is suitable only in aggregate cost estimation at the 

network-level for planning purposes. This is because using the average cost tends to be unreliable 

in estimating individual project cost because of economies of scale and the large variation in site 

conditions across different project locations. Therefore, to estimate expected cost of an individual 

project, it is preferable to develop statistical cost models that incorporate, as explanatory variables, 

the project size and other potential influential factors. The three major factors, namely, economies 
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of scale, economies of bundling and economies of competition are of particular interest in this 

section. Prior to the regression analysis, the relationships between project cost and the three factors 

were investigated in Section 7.3.1 using scatter plots. 

7.3.1 Economies of Scale, Economies of Bundling and Economies of Competition 

In microeconomics, the term economies of scale refers to economic efficiencies that result from 

carrying out a process on a larger scale. In the construction industry, it has been recognized that 

economies of scale play an important role in determining highway construction project costs. In 

Figure 7.4, a clear trend of decreasing project unit costs ($/sqft, $/mile or $/lane-mile) with 

increasing project size is observed for all the Bridge and Road project types. According to the 

trends, the unit cost of a project decreases more significantly as project size increases when the 

project size bundle is small than it does when the project size becomes larger 

 
 

Figure 7.4 Economies of Scale: Project Unit Cost vs. Project Size 
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Figure 7.4 continued 

 
 

As discussed earlier, economies of bundling is the phenomena where the average unit cost 

of a project is reduced through bundling. Figure 7.5 shows the trend of project cost under 

increasing bundle size (number of bundled projects) for Bridge and Road project types. For Bridge 

work, again, there is a downward trend as number of bundled projects increase. However, for some 

project types (such as B1 and B8), the project cost slightly increases as the bundle size becomes 

too large. The pattern of such non-linearities was found to vary by project type. 

For Road work, the relationship between the project cost and the bundle size varies across 

different project types. For R1, R2 and R12, an increasing trend of project cost is observed as more 

projects are bundled. For R3, R4 and R9, a decreasing trend is observed. For other project types, 

the relationship is not very clear from the scatter plot. The relationship might be hidden because 

other important factors are not taken into account in the 2D scatter plots. Further investigations 

including multivariate regression analysis (which considers all the critical variables 

simultaneously) can throw more light on the ostensibly hidden patterns in the relationship. 
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Figure 7.5 Economies of Bundling: Project Cost vs. Bundle Size 

Competition is desired in the construction market because it causes contractors to lower 

their bid prices, therefore leading to cost savings for the owner. In this dissertation, the reduction 

of the project cost due to increased market competition is defined as economies of competition. 

Figure 7.6 presents, for two Bridge project types, the unit cost pattern (unit cost vs. deck area) for 

contracts with different levels of market competition. It is observed that contracts with 1 or 2 

bidders (blue stars) and those with 3 or 4 bidders (black crosses) are generally associated with a 

higher unit cost compared to those with higher competition. 
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(1) B6-Bridge Deck Overlay   (2) B7-Thin Deck Overlay 

Figure 7.6 Economies of Competition: Unit Cost Pattern for Bridge Projects with Different 
Number of Bidders 

 

7.3.2 Modeling Approach 

7.3.2.1 Model Formulation 

Two types of regression models can be developed for bundled contracts that contain multiple 

projects: a contract-level cost model that directly estimate the contract award, and a project-level 

cost model that estimate the cost of each project in a contract. The contract-level cost model can 

account for the effect of different combinations of projects in a contract and might be a superior 

option when there are enough observations for each combination. In the current dataset, however, 

most combinations only occur once or few times. In addition, several contracts contain projects 

that have different measures of project size. For example, when a Bridge project (5,000 sqft) and 

a Road project (1-mile section with 2 lanes) were bundled in a contract, it is difficult to obtain a 

normalized size for the contract. Also, a contract-level model might not be able to capture as much 

effects of project-specific factors (such as ADT and functional class) as a project-level model does. 

Due to these limitations of a contract-level model, this chapter developed a project-level 

cost model for each project type that can be also used to estimate the total contract award by adding 

the estimated cost of each project in the contract. As shown in Figure 7.7, the potential influential 

factors considered in this dissertation can be categorized into two groups: (a) project-specific 

factors, including the project type, project size (economies of scale), traffic loading (ADT) and 
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functional class and (b) contract-specific factors, including the number of projects in the contract 

bundle (economies of bundling), the number of bidders competing for the contract (economies of 

competition), and the similarity/compatibility and spatial proximity of the projects bundled in a 

contract. A preliminary analysis was carried out for all these factors; however, only some of them 

were found to be significant enough to be included in the final regression model. 

   
Figure 7.7 Variables Considered and Models Developed in this Dissertation 

Most of above variables are available directly from the study dataset except “project 

similarity”. “Project similarity” is an important variable in the project-level cost model developed 

in this chapter, because it is the only variable that can account for the effects of different project 

combinations in a contract bundle. Projects share similar materials and materials can be considered 

similar and compatible, and thus are prime candidates for bundling. It is expected that a project 

would yield a lower unit cost when bundled with similar projects, compared to bundling with 

dissimilar projects. However, to determine quantitively how this similarity affects project cost, a 

standard metric is needed first to quantify the similarity between different project types. Applying 

the new metric proposed in Section 5.1.1.3, the “average similarity distance” (ASD) between 

multiple projects was calculated for each bundled contract in the current dataset, and then 

converted into an “average similarity” (AS) factor using the relation: AS=1-ASD.  

The next step is to determine an appropriate functional form that can capture the 

relationship between the project cost and the influential variables. As shown in Figures 7.4 and 
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7.5, the relationship between the project cost and two explanatory variables (project size and 

number of projects in a contract bundle) is not linear. With regard to economies of scale, the unit 

cost of a project decreases more significantly as project size increases when the project size bundle 

is small than it does when the project size becomes larger. With regard to economies of bundling, 

the relationship between the project cost and the number of bundled projects from the scatter plot 

varies across different project types.  

A traditional and effective way to handle situations where a non-linear relationship exists 

between the independent and dependent variables is to apply a logarithmic transformation to one 

or both of the dependent and independent variables. Using the logarithm of one or more variables 

instead of the no-log form brings out the non-linearities in the relationship, while preserving the 

intrinsic linearity of the model. There are several possible combinations of transformations 

involving logarithms: the log-linear model where only dependent variable was transformed, the 

linear-log model where only the independent variable was transformed and log-log model where 

both the dependent and independent variables were transformed. Among these alternatives, a log-

log model was found to better fit our data and therefore chosen as the functional form for the 

project cost model. The practical advantage of log-log model is that the interpretation of 

the regression coefficients is rather straightforward. A simple bivariate linear model with log-log 

transformation is given in Equation 7.1. Such relationships, where both Y and X are log-

transformed, are commonly referred to as elastic in econometrics, and the estimated coefficient of 

log(X), 𝛽[, is referred to as an elasticity: a percent increase in X lead to approximately 𝛽[ percent 

change in Y.  

𝑙𝑛(𝑦") = 𝛽° + 𝛽[ ∗ 𝑙𝑛(𝑥") + 𝜀"𝜀"~𝑁(0, 𝜎_)         Equation 7.1 

The log-log model in Equation 7.1 can be back transformed to a power function form 

(Equation 7.2). The two equations are mathematically the same and can be transferred between 

each other. However, when they are used as functional forms for regression, the Equation 7.1 use 

linear model with least square while the Equation 7.2 use non-linear regression technique, and the 

two methods usually yield quite different estimates for the coefficients. There is a debate about 

whether to use the traditional nonlinear transformation method that is to fit a straight line to the 

logarithmic transformation of the original data by linear regression (Equation 7.1) or to directly fit 

a no-linear line to the untransformed observations by nonlinear least squares (Equation 7.2). This 
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issue appeared to be resolved when four different research groups recently reported (1) that the 

traditional method is generally superior to standard nonlinear regression for describing allometric 

variation and (2) that lognormal error is more common than normal error (Mascaro et al., 

2011, 2014; Xiao et al., 2011; Ballantyne, 2013; Lai et al., 2013). Considering these advantages 

of using linear regression, this chapter, instead of using non-linear regression method, applied non-

linear transformation on the original data to capture the non-linear relationship between dependent 

and independent variables. 

yb = 𝑒·ç ∗ 𝛽[ ∗ ln(𝑥") + 𝜀"𝜀"~𝑁(0, 𝜎_)       Equation 7.2 

The bivariate log-log linear model in Equation 7.1 was generalized into a multivariate 

regression model as presented in Equation 7.3, where the dependent variable (project cost) and 

each of the continuous explanatory variables (Project Size, Nr of Bundled Projects (NBP), Nr of 

Bids, ASF and ADT) are logarithmically transformed. In addition, the binary variables (Urban 

indicator and Interstate Indicator) are not transformed. For project types for which the variable 

NBP is not significant when logarithmically transformed, the linear term and squared term of NBP 

were included in the model to investigate whether a polynomial relationship (decrease first and 

then increase or vice versa) exists between the project cost and bundle size. Equation 7.3 can be 

back-transformed into a power functional form, as shown in Equation 7.4. The total project cost 

model can be further transformed into a unit cost model by dividing the estimated Project Award 

amount by the project size (Equation 7.5). 

𝑙𝑛(𝑃𝑟𝑜𝑗𝑒𝑐𝑡	𝐴𝑤𝑎𝑟𝑑) = 𝛽°	 +	∑ 𝛽" ∗ 𝑙𝑛	(𝑉")X
"n[ +	∑ 𝛽" ∗ 𝑉"�

"nX    Equation 7.3 

𝑃𝑟𝑜𝑗𝑒𝑐𝑡	𝐴𝑤𝑎𝑟𝑑 = 𝑒·ç|∑ ·)∗è)é
)VU ∗ 	∏ 𝑉"

·)X
"n[ 	       Equation 7.4 

𝑈𝑛𝑖𝑡	𝐶𝑜𝑠𝑡 =
¿l�(·ç|∑ ·)∗è)U

)VW )	∗	∏ è)
ì)é

)VU

è*
= 	 𝑒·ç|∑ ·)∗è)é

)VU ∗ 	𝑉$
·*§[ ∗ ∏ 𝑉"

·)X
"í$  Equation 7.5 

where 𝛽" is a parameter of the estimated coefficients; 𝑉" is the ith influential variable, and 𝑉$ is 

the variable for project size, n is the number of variables that are logarithmically transformed, 

and N is the total number of variables considered in the model. 
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7.3.2.2 Sensitivity of Project Cost to the Bundling Effects under “Optimistic” Market Condition 
and Market Uncertainty 

As indicated by the upper-bound model developed in Section 6.1.2, the maximum number of 

bidders decreases significantly as the contract size (measured in terms of Nr of Projects) increases. 

This means, there might be a threshold number of bundled projects, after which the project can no 

longer enjoy economies of bundling due to the reduced market competition. Therefore, a threshold 

analysis was carried out for each project type to investigate, under the optimistic market conditions, 

if there is such threshold for the optimal bundle size. The steps for the threshold analysis are 

presented below: 

1. Set Nr of Projects to 1, plug it into the upper-bound nr. Of bids model, for project type i. 

2. Plug the Nr of Projects and the estimated maximum number of bidders into the developed 

project cost model for project type i, and estimate the project cost. 

3. Increase Nr of projects by 1, and repeat steps 1 to 3 until the maximum Nr of Projects is 

reached. 

4. Identify the Nr of projects that yields the lowest estimated project cost. Repeat steps 1 to 4 

for next project type. 

In real construction project bidding market, the competition varies greatly depending on 

project type, contract size, project location, letting season, available contractors, policies and other 

other factors. To incorporate this market uncertainty into project cost estimation, the developed 

probability distribution model (Section 6.1.3) can be used to estimate a range of possible values 

instead of a fixed cost. Monte Carlo Simulation was adopted here to estimate 95% confidence 

bounds for the project unit cost using the developed Beta probability distribution function (pdf). 

The method is presented as follows:  

1. Generate 10,000 observations (Nr of Bidders) for Nr of Projects equal to 1, using the 

corresponding Beta distribution models.  

2. Substitute the generated 10,000 Number of Bidders values into the project cost model to 

estimate the unit cost (10,000 values).  

3. Sort the estimated 10,000 unit cost values, and remove the lowest 5% and the highest 5% 

of those sorted values. The highest value and the lowest value in the remaining sorted list 

are the upper and lower bounds of a 90% confidence interval of project unit cost (in terms 
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of the uncertainties about the number of bidders) when the Number of Bundled Projects is 

equal to 1.  

4. Repeating steps 1 to 3 for each possible Nr of Projects value from 1 to 30 and for each 

project type, and yields the 90% confidence bound on the estimated unit cost for each 

project type. 

7.3.3 Regression Analysis Results 

Using the model formulation in Section 7.3.2.1 and variables listed in Figure 7.1, multivariate 

regression models were developed to estimate the project cost for different project types. 

Backward stepwise regression was used to select significant variables that minimizes the AIC 

(explained in Section 6.2.3). The variables selected for each regression model, the parameter 

estimations and model fits (R2) are summarized in Table 7.8.  

Tables 7.8(a) presents the statistical model results for Project Cost that were developed for 

the eight (8) Bridge project types. All the variables listed in the table are significant with p-value 

lower than 0.05. The developed models can be used to predict the total letting cost and the unit 

cost of a project. Two model examples are provided: B1-New Road Construction and B7-Thin 

Deck Overlay as shown below.  

The cost model developed for B1 is:  ln(Project Cost) = 8.03+ 0.745* ln(DA) - 0.407 * ln(ASF) - 

0.152 *NBP + 0.00589* NBP2 + 0.309 * Interstate     Equation 7.6 

The cost model developed for B7 is:  ln(Project Cost) = 6.13 + 0.718 * ln(DA) - 0.374 * 

ln(NBP) - 0.522 * ln(NrBids) + 0.698 * Interstate - 0.363 * Urban    Equation 7.7 

By taking the exponent of both side of the equation, the functions of project cost are 

obtained as below, for the two project types, respectively:  

Project Cost (B1) = DA0.745 * NrBids-0.152 * ASF0.042 * exp(8.03 - 0.152 *NBP + 0.00589* NBP2 

+ 0.309 * Interstate)          Equation 7.8 

Project Cost (B7) = DA0.718 * NBP -0.509 * NrBids -0.352 * exp(6.13 + 0.698 * Interstate - 0.363 * 

Urban)           Equation 7.9 
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The total cost model ($) can be transformed into a unit cost model ($/ft2) (by dividing both 

sides of the Project Award function by the deck area):  

Unit Cost (B1) = +¾Á�»	(Á�»	(x[)	
î¿�$	,¾¿¸

 = DA-0.255 * NrBids-0.152 * ASF0.042 * exp(8.03 - 0.152 *NBP + 

0.00589* NBP2 + 0.309 * Interstate)       Equation 7.10 

Unit Cost (B7) = +¾Á�»	(Á�»	(x®)	
î¿�$	,¾¿¸

 = DA-0.288 * NBP -0.509 * NrBids -0.352 * exp(6.13 + 0.698 * Interstate 

- 0.363 * Urban)         Equation 7.11 

In this section, we mainly discuss the three major economies -- economies of scale (Project 

Size), economies of bundling (Bundling-related variables) and economies of competition (Nr of 

Bids). For Bridge work, the project size (deck area) is the most influential variable for all the 

Bridge project types, with a positive coefficient less than one. This means the project cost (Project 

Award) will increase at a decreasing rate as project size increases; and the unit cost will decrease 

as the project becomes larger. As mentioned earlier, the estimated 𝛽"  for a variable that was 

logarithmically transformed is referred to an elasticity: a percent increase in variable i lead to 

approximately 𝛽" percent change in the project cost and (𝛽" − 1) percent change in the unit cost. 

For example, the project cost will increase by 0.745% and 0.718%, and the unit cost will decrease 

by 0.255% and 0.288%, for B1 and B7 respectively, as the deck area increases by one percent. The 

project size (project length and number of lanes) are also significant for most Road project types. 

However, the coefficients of project length for R2 and R9 are very close to 1 indicating a nearly 

linear increasing relationship between project cost and project size, which means the unit cost is 

nearly a constant. The variable Nr of Lanes was found to be significant only for Road project types 

R3, R4 and R10. For other project types, the economies of scale was found to be significant for all 

Traffic project types (except for T1-ITS) and Small-structures work S3-Small Str. Maintenance & 

Repair. 

The bundling-related variables (economies of bundling) considered in the regression 

analysis include (1) bundle size (number of bundled projects); (2) project similarity (ASF) and (3) 

spatial proximity. For the effects of spatial proximity, different variables were tested in the 

regression model including the geographical distance between bundled projects (Figure 3.9), and 

binary variable that indicates if all projects were bundled along the same corridor/within the same 
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county (Table 3.4). However, none of these variables were found to be significant predictions of 

project cost. 

The bundle size (number of bundled projects, NBP) was found to be significant for all the 

Bridge project types. For B2, B3, B6 and B7, the variable NBP was found to be significant when 

transformed logarithmically, with a negative sign, indicating that the total project cost decreases 

with a smaller decreasing rate as more projects are bundled in the contract. For the other Bridge 

project types B1, B4, B5 and B8, the squared term of NBP (NBP2) was found to be more significant, 

and provides better model fit compared to the log transformation. This indicates a polynomial 

relationship between the project cost and the bundle size: as more projects are bundled in the 

contract, the project cost decreases at the beginning and starts increasing after the bundle size 

increases to a certain value. For Road work, the effects of bundle size were found to be significant 

but vary greatly across different Road project types. For project types R5, R6, R7 and R10, 

increasing number of bundled projects always leads to higher project cost. However, for project 

type R12, bundling results in a higher cost. For project types R3, R4 and R9, project cost decreases 

first and then increases as the bundle size increases. On the contrary, the costs of R1 and R2 

increase first and then decrease when the number of projects in a contract increase to a certain 

threshold. For Traffic, Miscellaneous and Small-structures work, increasing bundle size always 

reduces project cost for project types S2, M2 and M4, and reduces project cost until a certain 

threshold for project types T2 and S1. For Traffic work T1 and T6, bundling always leads to higher 

project cost. In addition, for T4, T5 and S3, the project cost increases first and then decreases as 

more projects are bundled.  

Another bundling-related factor is the average similarity factor (ASF = 1-ASD) for a 

contract bundle. For Bridge work, the ASF was found to be significant only for Bridge project 

types B1 and B3. But for Road work, the ASF is a very significant variable to most project types 

(except for R1, R2 and R7). For other work categories, project types T1, T3, T4, T6, S1, S3, M2 

and M4 were found to be significantly affected by project similarity. For all these project types 

(except for T1), the ASF are all associated with negative coefficients indicating that increasing 

project similarity between bundled contract lead to lower project cost. For T1-ITS, however, it was 

found that the project cost increases when more similar projects are bundled.  
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The variable Nr Bids (number of bidders) was found to be significant for half of the Bridge 

project types including B3, B5, B6 and B7, with a negative sign, indicating increasing number of 

bidders leads to a lower project award amount (economies of competition). However, such 

economies of competition was not found for Road work. For other work categories, Nr Bids 

variable is significant for project types T1, T4, S1, S4 and M1. 

Table 7.8 Regression Results for Project Cost (Award) 

(a) Bridge Work 

Parameters 
Bridge Project Type 

B1 B2 B3 B4 B5 B6 B7 B8 
Nr of Obs 290 311 76 110 83 471 268 783 

Intercept 8.03 8.62 6.61 8.62 8.24 8.21 6.13 7.04 
ln(DA) 0.745 0.645 0.824 0.607 0.659 0.580 0.718 0.608 
ln(NBP) - -0.140 -0.575 - - -0.515 -0.374 - 
NBP -0.152 - - -0.310 - - - -0.260 
NBP2 0.00589 - - 0.01340 -0.00232 - - 0.00577 
ln(ASF) -0.407 - -1.624 - - - - - 
ln(Nr Bids) - - -0.131 - -0.218 -0.211 -0.522 - 
Interstate 0.309 0.586 0.627 0.620 0.196 0.441 0.698 - 
Urban - - 0.590 0.305 - 0.353 -0.363 - 

R2 0.761 0.511 0.435 0.354 0.473 0.409 0.357 0.487 
DA: Deck Area; NBP: Nr of Bundled Projects; ASF: Average Similarity Factor; Nr 

(b) Road Work 

Parameters Road Project Types 
R1 R2 R3 R4 R5 

Nr of Obs 54 79 144 913 108 
Intercept 13.6951 11.6736 12.0868 11.8915 13.7155 
ln(Project Length) 0.8966 0.9701 0.3941 0.7875 0.5273 
ln(Nr of Lanes) - - 0.7471 0.8962 - 
NBP 0.1029 0.1702 -0.5108 -0.1872 - 
(NBP)2 -0.0048 -0.0080 0.0203 0.0033 -0.0139 
ln(ASF) - - -5.6195 -1.0621 -1.6577 
ln(ADT) 0.1443 0.3424 - - 0.1092 
Interstate 0.8831 - - 0.4452 0.5366 
Urban - - 0.5443 0.1491 - 

R2 0.734 0.717 0.536 0.650 0.531 
Parameters Road Project Types (Continue) 
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Table 7.8 continued 

 R6 R7 R9 R10 R12 
Nr of obs 25 20 22 188 31 

Intercept 13.3192 14.8390 15.2333 12.9529 13.1236 
ln(Project Length) 0.3769 0.9406 1.0050 0.4186 0.2169 
ln(Nr of Lanes) - - - 0.9723 - 
NBP -1.0354 - -1.7209 - 0.2812 
(NBP)2 - -0.1690 0.2245 -0.0093 - 
ln(ASF) -4.6824 - -2.8907 -1.8904 -3.5838 
ln(ADT) - - - - - 
Interstate - - 1.1038 1.0898 -0.7965 
Urban - 1.1947 -0.8285 - 1.5018 

R2 0.761 0.511 0.435 0.354 0.473 

(c) Traffic Work 

Parameters 
Traffic Project Types 

T1 T2 T3 T4 T5 T6 
Nr of Obs 31 65 97 10 30 20 

Intercept 11.4503 4.3634 9.5527 9.0227 11.1271 11.9967 
ln(Project Length) 1.0729 0.2504 0.1124 0.1449 0.4210 0.1267 
NBP 0.3337 - -0.4976 2.0691 0.7984 NA 
NBP2 - - 0.0355 -0.6545 -0.0619 0.0097 
ln(ASF) 1.9662 - -1.5659 -7.5013 - -1.1426 
ln(Nr Bid) -0.6364 - - -2.0916 - - 
Urban - - - -0.8013 1.2877 - 
Ln(ADT) - 0.7895 0.3211 0.4115 - - 

R2 0.6764 0.2906 0.2955 0.8993 0.2613 0.6368 

(d) Other Work 

Parameters 
Small-structures Project Type Miscellaneous Project Type 

S1 S2 S3 M1 M2 M4 
Nr of obs 63 74 11 37 20 27 

Intercept 13.568 10.885 14.514 4.9090 11.5952 13.3755 
ln(Project Length) - - 0.233 - - - 
ln(NBP) - - - - -0.8807 -0.7011 
NBP -0.739 - 0.366 - - - 
(NBP)2 0.066 -0.012 -0.051 - - - 
ln(ASF) -4.092 - 5.544 - -5.4235 -4.5130 
ln(Nr Bids) -0.942 - -0.616 -0.7759 - - 
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Table 7.8 continued 

Interstate 0.433 -2.136 3.371 1.5217 2.1618 - 
Urban 0.632 NA - - - - 
ln(ADT) NA 0.227 - 0.7637 - - 

R2 0.332 0.233 0.913 0.264 0.6780 0.226 
Note: the project types can be found in Tablen7.1 

7.3.4 Sensitivity and Threshold Analysis 

In this section, sensitivity analysis was carried out to investigate the effect of increasing bundle 

size on project cost. In conducting the sensitivity analysis, only the variable in question (bundle 

size) were made to vary while all the others were kept at the same levels (the average value from 

the current dataset). Figure 7.9 presents the sensitivity analysis results for 30 different project types 

based on their project cost models. 

For project types where the squared term of NBP (number of bundled projects) was 

significant in their developed regression model (Table 7.8), as the bundle size increases, the project 

cost either decreases first and then increases, or increase first and then decreases. In this 

dissertation, the turning point at which the change of cost becomes from positive (/negative) to 

negative (/positive) is defined as bundle size threshold (BST) (the solid black arrow in Figure 7.9). 

For project types whose cost increases first and then decreases, the point at which the project cost 

becomes lower than the standalone cost is defined as bundle size low-limit (the dashed orange 

arrow). For some project types, the project cost was found to always decrease as the bundle size 

increases but at a decreasing rate. For theses project types, there was found to be an “elbow point” 

(the dashed green arrow) at which the decreasing rate reduces significantly. 

For Bridge work, the bundle size threshold exists for three project types: B1 (BST 12), B4 

(BST 11) and B8 (BST 22). For the three project types, the project cost keeps reducing until the 

number of projects reaches the bundle size threshold (marked as black number in the figure). For 

other Bridge project types (except for B5), the project cost keeps decreasing as more projects are 

bundled, however, the reduction rate becomes increasingly smaller as the bundle becomes larger. 

The elbow point was found for these project types as: 10 for B2; 7 for B3; 8 for B6; and 10 for B7. 

For these project types, bundling benefits are significant until the bundle size reaches the elbow 

point. For B5, project cost reduces slowly at the beginning (when the bundle size is smaller than 

3), and then decreases more significantly with a nearly constant decreasing rate. 
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For Road project types, the project cost for R1 and R2 increases first and then decreases 

with a BST 11 and 10, respectively. Also, the bundle size low-limit are 21 and 20 for R1 and R2, 

respectively. For R3 and R9, the project cost decreases first and then increases with BST 13 and 

4, respectively. For all the other Road project types (except for R12), the project cost continuously 

decreases as the bundle size increases. For R4, R5 and R10, the reduction rate becomes flat after 

the bundle size is larger than the “elbow” points 12, 15 and 15, respectively. For R6 and R7, the 

elbow points occur at a smaller bundle size (3 and 5, respectively). For R12-Interchange Work, 

the project cost keeps increasing, which means bundling did not provide any benefit to projects of 

this type. This might because of the inappropriate practice of bundling R12 projects in the past. 

According to the bundling combinations presented in Table 4.4, 91.89% of the R12 projects were 

bundled with projects with different project types and 94.59% of them were bundled with projects 

from different work categories. And according to the regression results in Table 7.8(b) for the R12 

projects, project similarity is an important factor to the project cost. This partly explained why 

bundling didn’t benefit the R12 projects in the past. 

For other project types, the project costs of T2 and M1 are not affected by the change of 

bundle size. Therefore, in Figure 7.9(c), horizontal straight lines were observed for the two project 

types. For Traffic work T1 and T6, increasing bundle size always leads to higher project cost. For 

Miscellaneous work M2 and M4 and Small-structures work S2, bundling more projects always 

result in lower project cost, but the reduction rate becomes nearly flat after the elbow points (5 for 

M2; 7 for M4, and 20 for S2). For other project types (T4, T5 and S3), project cost increases first 

and then decrease with bundle size thresholds of 2, 7 and 3, respectively and with bundle size low-

limit of 2, 12 and 6.  

Overall, it was found that bundling can greatly benefit Bridge projects B2, B3, B5, B6, B7, 

Road projects R4, R5, R6, R7, R10, Miscellaneous projects M2, M4 and Small-structures work 

S2. However, the benefit of bundling becomes much smaller after the number of bundled projects 

reaches the “elbow” point.  For project types whose cost decrease first and then increase (B1, B4, 

B8, R3, R9, T3 and S1), bundling is recommended if the number of bundled projects does not 

exceed the bundle size threshold (BST). For projects whose cost increase first and then decrease 

(R1, R2, T4, T5 and S3), bundling is not recommended unless there are enough projects to bundle 

(more than the bundle size low-limit). Finally, bundling is not recommended for Road project R12 
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and Traffic projects T1 and T6 if they were bundled in the same way as they were bundled in the 

past. 

 

 
(a) Bridge Work 

 

 
(b) Road Work 

Figure 7.8 Effects of Bundle Size (Nr of Projects in a Bundle) On Project Cost 
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Figure 7.8 continued 

 
(c) Other Work 

 
 

7.3.5 Bundling Effects Under Varying Bidding Competition 

Sensitivity analysis was carried out to show how the unit cost changes with changes in one variable, 

while all other variables are kept unchanged. It was recognized, however, that in the real practice, 

some of these variables are not entirely independent of each other. As discussed previously, the 

number of bidders can be affected by the bundle size in a certain way, i.e., the upper bound and 

probability distribution of the number of bidders both change as more projects are bundled. Instead 

of keeping the number of bidders as a constant, this section seeks to estimate the number of bidders 

under different bundle sizes using the models developed earlier: (a) the deterministic upper-bound 

model, which estimates the highest number of bidders, was used for bundling effects analysis on 
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project cost under the “optimistic” bidding competition; (b) the established probabilistic Beta 

function (which describes the distribution of the number of bidders for contract with certain bundle 

size) was applied to estimate the 90% confidence bounds of the project cost under market 

uncertainties. 

7.3.5.1 Bundling Effects Under Optimistic Bidding Competition 

The regression analysis yielded 9 project types (Figure 7.10), for which the project costs are 

significantly affected by the number of bidders. In the sensitivity analysis, the effects of bundle 

size on project cost was investigated without considering the influence of increasing bundle size 

on the number of bidders. In this section, the upper-bound models were applied to estimate the 

lowest possible project cost for each different bundle size. The analysis results are shown in Figure 

7.10 for the 9 project types.  

 

 
Figure 7.9 Estimated Project Cost under Optimistic Bidding Competition  

(with Upper Bound Bids Model) 

 

Table 7.9 compares and summarizes the difference between the bundling effects in the 

sensitivity analysis (in which the number of bidders was kept as a constant at the average level) 

and the bundling effects with changing number of bidders under the “optimistic” market condition. 

Based on the upper-bound Nr of bids model, the highest number of bidders is expected to decrease 

significantly as the number of bundled projects increases, which leads to higher cost due to the 
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economies of competition. Therefore, if in the sensitivity analysis, a project has decreasing project 

cost as bundle size increases (such as B3, B5 and B7), the project cost will decrease less 

significantly (or even starts increasing after certain threshold) under the “optimistic” bidding 

competition. In contrast, if the project cost increases as bundle size increases in the sensitivity 

analysis (such as T1), the cost will increase more significantly under the “optimistic” competition. 

For project types whose cost decreases first and then increases (such as S1) in the sensitivity 

analysis, the bundle size threshold becomes smaller under the “optimistic” competition (from 6 to 

4 for S1). For project types whose cost increases first and then decreases (such as S3) in the 

sensitivity analysis, the bundle size threshold become larger under the “optimistic” competition 

(from 4 to 5 for S3). 

Table 7.9 Comparison of Bundling Effects 

Project Types Effects of Bundle Increasing Bundle Size on Project Cost 
All the other variables kept 

unchanged at the average level 
With Changing Competition Under 

“Optimistic” Market Condition 
Project cost of B3 Decreases  Decreases less significantly 
Project cost of B6 Decreases Decreases less significantly 
Project cost of T1 Increases Increases more significantly 
Project cost of B7 Decreases Decreases less significantly and starts 

increasing after bundle size threshold 
of 13 

Project cost of B5 Decreases Increases and then decreases with 
BST of 5 and BSLL of 8 

Project cost of S1 Decreases and then increases 
after BST of 6 

Decreases and then increases after 
BST of 4 

Project cost of T4 Increases and then decreases 
with BST of 2 and BSLL of 2 

Increases and then decreases with 
BST of 2 and BSLL of 3 

Project cost of S3 Increases and then decreases 
after BST of 3 and BSLL of 6 

Increases and then decreases with 
BST of 5 and BSLL of 9 

Project cost of M1 Unchanged Increases 
 

7.3.5.2 Bundling Effects Under Market Uncertainties 

This section estimates the bundling effects on project cost with due consideration of bidding 

market uncertainties. Using the Monto Carlo simulation method proposed in Section 7.3.3.2, a 90% 

confidence bound on the project cost was estimated for each of the 9 project types. The estimation 

results are presented in Figure 7.10. According to the results, for some project types (such as B3 
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and B6), a relatively small interval between the lower bound (5%) and upper bound (95%) of 

project cost is observed, indicating that the uncertainty surrounding the number of bidders does 

not have a significant impact on project cost. For some project types (such as B7, T4, M1 and S3), 

the intervals between the lower and upper bounds are very wide, reflecting high variation in the 

estimated cost due to market uncertainties. This suggests that the project cost is greatly affected 

by the uncertainty concerning the number of bidders.  

 
Figure 7.10 95% Confidence Bounds of Project Costs Over Increasing Bundle Size under Market 

Uncertainties 

7.3.6 Findings 

This Section focuses on developing statistical cost models that not only include project-specific 

variables but also bundling-related variables at the contract level. The cost model developed 

in this Section, and the number of bids models developed in Chapter 6 together, help in 

estimating project cost under the optimistic bidding competition and under market 

uncertainties. The main findings from modeling and analysis results in this Section are 

summarized as follows: 

1. Economies of scale – The decline in unit cost as the project size increases – were documented 

for all the Bridge project types and most Road and Traffic project types analyzed in this 

dissertation (except R2, R9 and T1 of which the project cost increase nearly proportionally to 

project length). This is true for both stand-alone projects and bundled projects. 
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2. Economies of bundling – The reduction in project cost as projects are bundled into a contract 

– have been found for all the Bridge project types. For project types in other work categories, 

the effects of increasing bundle size vary greatly across different project types. 

3. Economies of competition – contract prices reflect increased market competition – is a 

significant influential variable in overall project cost models for half of the Bridge project types 

and some project types in Traffic, Miscellaneous and Small-structure work categories. 

However, the economies of competition were not found for Road work. 

4. The effect of project similarity – Higher similarity between projects bundled in a contract can 

lead to lower project cost – was identified as an important factor and was included in the overall 

project cost regression models for many project types. Also, the effect of project similarity on 

reducing project cost was found to be most significant for Road work. 

5. Bundle size thresholds analysis – According to the sensitivity analysis of bundling effects, for 

most of the project types analyzed (including B2, B3, B6, B7, R4, R5, R6, R7, R10, M2, M4 

and S2), bundling always leads to lower project cost, but such cost savings decrease as more 

projects are bundled. For these project types, a “elbow point” was found after which the cost 

reduction rate becomes flat. For certain project types (B1, B4, B8, R3, R9, T3 and S1), project 

cost significantly decreases with increasing number of projects bundled in the contract until a 

certain bundle size threshold is reached and then the cost starts increasing. For these project 

types, bundling is not recommended if the number of projects in the contract is more than the 

bundle-size threshold. For Road work R1, R2, Traffic work T4 and T5 and Small-structures 

work S3, project cost increases first and then decreases. For these project types, bundling is 

not recommended unless the bundle size is sufficiently large. For the rest project types (R12, 

T1 and T6), increasing bundle size always leads to higher project cost. This might partly due 

to inappropriate bundling practice used in the past. Therefore, bundling is not recommended 

for these project types if they are bundled in the same way as they were bundled in the past.  

6. Project Cost under market uncertainty – Due to the uncertainty of market competition, the 

project cost can vary to a certain degree for some project types, depending on the sensitivity 

of project cost to the number of bidders. Using Monto Carlo simulation, a 90% confidence 

range of project cost was estimated for nine project types based on the probabilistic Beta 

distribution model developed for the number of bidders. According to the results, B3 and B6 

were each found to have a very small interval between the upper and lower bounds, indicating 
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that any uncertainty associated with the number of bidders will not make much difference in 

the estimated unit cost. The interval between the upper and lower bounds is very wide for B7, 

T4, M1 and S3, indicating high uncertainty regarding the estimated cost. This suggests that the 

project unit cost is greatly affected by the uncertainties associated with the number of bidders. 

It is worth mentioning that highway agency generally has limited direct control on the number 

of bidders for a contract. 

7.4 Chapter Summary 

In this chapter, the bundling effects were analyzed through (a) average cost comparison between 

all the past stand-alone projects and bundled projects; (b) cost comparison of projects with 

different bundle sizes along the same corridor; and (c) statistical analysis and multivariate 

regression models that relate project cost to both project-specific variables and contract-specific 

variables. 

In Section 7.1, the average unit cost of projects in unbundled and bundled contracts were 

compared for all the past projects by different project types. For most Bridge and Traffic project 

types, bundled projects on average have lower unit cost than the stand-alone projects. For projects 

in other work categories, bundled projects might have lower or higher unit cost depending on the 

project types. The corridor analysis was then conducted to compare, for projects bundled along the 

same corridor, the unit cost of projects in contract with different bundle sizes. 

The results of the regression analysis indicate, for most project types, the cost of a project is 

significantly driven by the project size (economies of scale), bundling strategy (economies of 

bundling) and bidding market conditions (economies of competition). However, the effects of 

these factors on project cost vary greatly depending on the project type. In the developed cost 

models, the bundling effects are measured in terms of the number of bundled projects, project 

similarity and spatial proximity between bundled projects. Both the bundle size and project 

similarity were found to have significant impacts on project cost, but the spatial proximity turned 

out to be insignificant in the regression analysis. The other variables found to be influential include 

the functional class (Urban indicator and Interstate indicator) and traffic volume (ADT). Based on 

the developed regression models, sensitivity analyses were carried out for the effects of increasing 

bundle size on project cost, and the bundle size thresholds were discussed for different project 
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types. With the upper-bound bids model and the probabilistic Beta distribution model (developed 

in the Sections 6.1.2 and 6.1.3), the bundling effects were analyzed under the “optimistic” bidding 

competition and under market uncertainty. 
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 IMPACT OF BUNDLING ON MAINTENANCE-OF- 
TRAFFIC COST 

This chapter investigates the impact of project bundling on the maintenance of traffic work by 

quantifying the relationship between the MOT costs and three bundling related factors: (1) kin 

status, that is, if the project is bundled with other projects; (2) the number of projects bundled in a 

contract; and (3) whether the projects are bundled along the same corridor. In this paper, 6 work 

categories (Bridge, Road, Traffic, Small-Structures, Miscellaneous and Utility) that contain 36 

project types were considered in the analysis. Figure 8.1 presents the general framework which is 

of two parts: average cost analysis and statistical modeling of costs. In each part, the analysis was 

carried out at two levels: work-category level and project-type level. The analysis at the work 

category level sought to ascertain the effects of bundling and other factors on the MOT cost for 

each work category. However, such effects might vary greatly for different project types, even 

within the same work category. For example, the bundling effect may be positive for some Bridge 

project types but insignificant or even negative for others. Therefore, if a large variation is found 

in the effects of critical variables on different project types in the same work category, analysis at 

the project-type level is preferable.  
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8.1 Modeling Approach 

 

Figure 8.1 Framework of MOT Cost Analysis 

 

8.1.1 Average Cost Approach 

The average cost approach is an inventory costing method in which the cost of each item in an 

inventory is calculated based on the average cost of all similar goods in the inventory (Sinha and 

Labi, 2011). In this paper, the average cost approach was used to calculate the average ratio of 

MOT cost to project cost, (MCR) (as defined in Equation 1) for each project type (or work category) 

as shown in Equations 8.1 and 8.2.  

𝑀𝐶𝑅" =
Àïð	(Á�»	(ðÁ»¸½	�Á�»	ÁÂ	¸½½	Àïð	�¸ñ	"»¿��	"X	¸	�¾Á%¿�»)	

+¾Á%¿�»	, ¸¾�	(ïò¿¾¸½½	+¾Á%¿�»	(Á�»)
      Equation 8.1 

𝐴𝑣𝑔.𝑀𝐶𝑅% =
∑ À(�)
U-
)VW

𝑛𝑗
          Equation 8.2 

where: MRb is the MOT cost ratio for project i; Avg.MR�is the average MOT cost ratio for the jth 

group of projects; and nj is the number of bundled projects in group j. Group refers to project type 

or work category. 
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To investigate how bundling affects the MOT cost of a project, the average MOT cost 

ratios for bundled and unbundled projects were compared for each group (work category or project 

type) of projects. The average cost approach is convenient and useful particularly when the sample 

size is large. However, using the average cost to represent the cost of all projects of the same 

project type tends to be unreliable in estimating the MOT cost for an individual project, because 

of the large variation in site conditions across different project locations and the effect of 

economies of scale and other factors. One way to control the variation due to site conditions is to 

compare the average MOT cost ratios for projects along the same highway corridor. In this 

dissertation, seven corridors in the State of Indiana were selected for the corridor analysis. The 

average MOT cost ratio was calculated for projects with the same number of kins (number of 

projects in a bundle) in the same contract for each work category.   

8.1.2 Deterministic Regression Analysis 

To account for the effect of economies of scale and other potential factors on MOT cost, regression 

models were developed for each work category and for each project type, respectively. The 

Mobilization and Demobilization cost item was removed from the MOT cost before modeling, 

because the (de)mobilization costs in Indiana are capped at approximately 5 percent of the overall 

total contract cost (Xiong et al., 2017), and are therefore independent of any factor (variable) of 

MOT cost. Prior to the development of the MOT cost regression models, the two major effects 

(economies of scale and economies of bundling) were investigated. This begun with the 

preparation of scatter plots of the unit cost versus each of two variables: (a) project size (measured 

in terms of project cost) and (b) bundle size (measured in terms of the number of bundled projects 

in a contract). These scatter plots helped identify the appropriate functional form for the subsequent 

statistical model. 

The explanatory variables considered for the model development include Project Award 

(PA) amount (which helps account for scale economies), Nr of Bundled Projects in a contract and 

Same-Corridor indicator (which helps account for the bundling effect), daily traffic volume (ADT), 

and indicator variables representing the road class, urban location, and time of letting. The 

dependent variable and explanatory variables are summarized in Table 8.1. 

 

 



170 
 

Table 8.1  Description of the dependent and explanatory variables considered in the model 

Dependent Variable 
MOT Cost Maintenance of Traffic cost in a project 
MOT Cost Ratio Ratio of MOT cost to the project award 

Explanatory Variable 
Continuous Variable 
Project Award ($) (PA) Award amount of the project (cost in 2015 constant 

dollar) 
Number of Bundled Projects (NBP) The number of projects bundled in a contract. 
Annual daily traffic (ADT) Traffic count for road where the project is on. 
Categorical/Binary Variable 
Same Corridor Indicator (SC) 1 if all the projects in a contract are on the same 

corridor; 0 otherwise 
Interstate Indicator (Int) 1 if the project is on Interstate; 0 otherwise 
Urban Indicator (Urban) 1 if the project is a urban project; 0 otherwise 
Starts In Winter Indicator (Wint) 1 if the project starts in winter; 0 otherwise 

 

After investigating several functional forms, a logarithm transformation of both dependent 

and independent (continuous) variables was found to provide the best fit to the observed trends in 

the data. The proposed log-log linear model is given in Equation 8.3. The initial linear equation 

(with a log-log transformation of each continuous variable) can be transformed into a power 

function (Equation 8.4) by taking the exponent of both sides. The MOT cost model can be also 

transformed into a MOT cost ratio model (Equation 8.5), by dividing both sides of Equation 4 by 

the Project Award amount. 

𝑙𝑛 	(𝑀𝑂𝑇	𝐶𝑜𝑠𝑡) = 	𝛽° + 𝛽[ ∗ 𝑙𝑛(𝑃𝐴) +𝛽_ ∗ 𝑙𝑛(𝑁𝐵𝑃) + 𝛽� ∗ 𝑆𝐶 + 𝛽¬ ∗ 𝐼𝑛𝑡 +	𝛽ä ∗ 𝑈𝑟𝑏𝑎𝑛 +

𝛽ö ∗ 𝑙 𝑛(𝐴𝐷𝑇) +	𝛽® ∗ 𝑊𝑖𝑛𝑡	         Equation 8.3 

𝑀𝑂𝑇	𝐶𝑜𝑠𝑡 = 𝑃𝐴·W ∗ 𝑁𝐵𝑃·¥ ∗ 𝐴𝐷𝑇·ø ∗ 𝑒·ç|·ù∗h(|	·∗'X»|	·ú∗û¾�¸X|	·ü∗ý"X» Equation 8.4 

𝑀𝑂𝑇	𝐶𝑜𝑠𝑡	𝑅𝑎𝑡𝑖𝑜 = 𝑃𝐴·W§[ ∗ 𝑁𝐵𝑃·¥ ∗ 𝐴𝐷𝑇·ø ∗ 𝑒·ç|·ù∗h(|·∗'X»|	·ú∗û¾�¸X|	·ü∗ý"X» 

Equation 8.5 

where 𝛽° is the estimated constant term; 𝛽" is the estimated coefficient for the i-th variable; PA, 

NBP, SC, Int, Urban, ADT and Wint are the explanatory variables listed in Table 8.1. 

A marginal effect is a measure of the instantaneous effect that a change in a particular 

explanatory variable has on the dependent variable, when the other covariates are kept fixed. The 

marginal effect of an explanatory variable is obtained by computing the derivative of the 
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conditional mean function with respect to that variable. In the regression model of Equation 4, the 

marginal effects of a continuous variable such as Project Award or Bundle Size (NBP)) on the 

MOT cost, can be determined using Equations 8.6 and 8.7. The marginal effect of a binary 

indicator variable (such as the Same Corridor indicator) on the MOT cost can be calculated using 

Equation 8.8. The marginal effect of an influential variable on MOT cost ratio (MOT Cost/Project 

Award) can be determined. 

þ	(Àïð	(Á�»)
þ	(+,)

= 𝑒·ç ∗ 	𝛽[ ∗ 𝑃𝐴·W§[ ∗ 𝑁𝐵𝑃·¥ ∗ 𝐴𝐷𝑇·ø ∗ 𝑒·ù∗h(	|	·ú∗'X»|	·ø∗û¾�¸X|	·ü∗ý"X»	 	
	 	 	 	 	 	 	 	 	 	 	 Equation 8.6	  
þ	(Àïð	(Á�»)
þ	(�x+)

= 𝑒·ç ∗ 	𝛽_ ∗ 𝑃𝐴·W 	∗ 	𝑁𝐵𝑃·¥§[ ∗ 𝐴𝐷𝑇·ø ∗ 𝑒·ù∗h(|	·∗h(	|	·ú∗'X»|	·ø∗û¾�¸X|	·ü∗ý"X»	
	 	 	 	 	 	 	 	 	 	 	 Equation 8.7 
þ	(Àïð	(Á�»)

þ	(h()
= 𝛽� ∗ 𝑃𝐴·W ∗ 𝑁𝐵𝑃·¥ ∗ 𝐴𝐷𝑇·ø ∗ 𝑒·ù∗h(|	·∗h(	|	·ú∗'X»|	·ø∗û¾�¸X|	·ü∗ý"X»   

           Equation 8.8 
þ	(Àïð	�¸»"Á)

þ	(+,)
= (𝛽[ − 1) ∗ 𝑃𝐴·W§_ ∗ 𝑁𝐵𝑃·¥ ∗ 𝐴𝐷𝑇·ø ∗ 𝑒·ù∗h(|	·∗h(	|	·ú∗'X»|	·ø∗û¾�¸X|	·ü∗ý"X» 

           Equation 8.9  
þ	(Àïð	�¸»"Á)

þ	(�x+)
= 𝛽_ ∗ 𝑃𝐴·W§[ 	∗ 	𝑁𝐵𝑃·¥§[ ∗ 𝐴𝐷𝑇·ø ∗ 𝑒·ù∗h(|	·∗h(	|	·ú∗'X»|	·ø∗û¾�¸X|	·ü∗ý"X»	

	 	 	 	 	 	 	 	 	 	 	 Equation 8.10	
þ	(Àïð	�¸»"Á)

þ	(h()
= 𝛽� ∗ 𝑃𝐴·W§[ 	∗ 	𝑁𝐵𝑃·¥ ∗ 𝐴𝐷𝑇·ø ∗ 𝑒·ù∗h(|	·∗h(	|	·ú∗'X»|	·ø∗û¾�¸X|	·ü∗ý"X»		

Equation 8.11 

Sensitivity analysis helps ascertain the extent to which the uncertainty in the output of 

a mathematical model or system (numerical or otherwise) can be apportioned to different sources 

of uncertainty in its inputs (Cruz, 1976).  In this paper, sensitivity analysis was carried out at the 

work-category and the project-type levels. This was done to simulate how the MOT cost ratio 

changes as in response to changes in a given explanatory variable, while keeping all the other 

variables fixed at the mean levels.  

8.1.3 Probabilistic Model Specification 

To account for uncertainties associated with MOT cost, probabilistic models were developed with 

the same set of explanatory variables listed in Table 8.1. The MOT cost ratio (after removing the 

5% fixed De(mobilization) cost) was classified into 5 levels as defined in Table 8.2: (1) very low 

ratio (<1%); (2) relatively low ratio (1%-3%); (3) average ratio (3%-5%); (4) relatively high ratio 
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(5%-10%); and (5) very high ratio (>10%). The probabilistic model, rather than giving an exact 

estimation on the MOT cost, can be used to estimate the probability associated with each MOT 

cost ratio (defined in Table 8.2).  

 

Table 8.2 Distribution of MOT Ratio Level (with the 5% fixed De(mobilization) cost removed) 

MOT Cost 
Ratio Level 

(Yb) 

MOT Cost 
Ratio  

(MOT Cost/ 
Project 
Award) 

Number of observations 
Bridge Road Traffic Small-

structures 
Miscell-
aneous 

All 
Work 

1 (Very Low) <1% 394 200 106 198 16 914 
2 (Relatively Low) 1%-3% 451 408 159 184 31 1233 
3 (Average) 3%-5% 155 221 61 66 12 515 
4 (Relatively High) 5%-10% 190 236 32 39 29 526 
5 (Very High) >10% 348 81 15 15 17 476 

 

 

The ordinal logistic model introduced in Section 6.2.2 was adopted here to model the 

probability of a project being associated with a certain level of MOT cost ratio (defined in Table 

8.2). The model can be formulated as Equation 8.12 with the same set of variables considered in 

the deterministic regression model. 

𝑙𝑜𝑔𝑖𝑡�𝑃(𝑌" ≤ 𝑗)� = 𝑙𝑜𝑔
∑ +*(l)
-
*VW

[§∑ +*(l)
-
*VW

= 𝜃% − 𝛽𝑋      Equation 8.12 

= 𝜃% − (𝛽[ ∗ log	(𝑃𝐴") + 𝛽_ ∗ 𝑁𝐵𝑃" − 𝛽� ∗ 𝐼𝑛𝑡" − 𝛽¬ ∗ 𝑈𝑟𝑏" − 𝛽ä ∗ 𝐴𝐷𝑇" − 𝛽ö ∗ 𝑊𝑖𝑛𝑡") 

where j is the MOT Ratio Class, j=1,2,3,4,5; i is the i-th project; log(PA) is the natural log of 

Project Award ($); NBP is the number of bundled projects; Int is Interstate Indicator; Urb is Urban 

Indicator; ADT is annual daily traffic; Wint is Letting In Winter Indicator; 
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The formulations for the probability of a project having very low (Yi = 1), relatively low 

(Yi = 2), average (Yi = 3), relatively high (Yi = 4) and very high (Yi = 5) MOT cost ratio are as 

follows: 

𝑃[𝑌" = 1] = 𝑃[𝑌" ≤ 1] = ¿ÿWÚì!

[|¿ÿWÚì!
  

𝑃[𝑌" = 2] = 	𝑃[𝑌" ≤ 2] − 𝑃[𝑌" ≤ 1] = ¿ÿ¥Úì!

[|¿ÿ¥Úì!
− ¿ÿWÚì!

[|¿ÿWÚì!
  

𝑃[𝑌" = 3] = 	𝑃[𝑌" ≤ 3] − 𝑃[𝑌" ≤ 2] = ¿ÿùÚì!

[|¿ÿùÚì!
− ¿ÿ¥Úì!

[|¿ÿ¥Úì!
   Equation 8.13 

𝑃[𝑌" = 4] = 	𝑃[𝑌" ≤ 4] − 𝑃[𝑌" ≤ 3] = ¿ÿÚì!

[|¿ÿÚì!
− ¿ÿùÚì!

[|¿ÿùÚì!
		

𝑃[𝑌" = 5] = 	𝑃[𝑌" ≤ 5] − 𝑃[𝑌" ≤ 4] = ¿ÿúÚì!

[|¿ÿúÚì!
− ¿ÿÚì!

[|¿ÿÚì!
		

8.2 Average Cost Comparison Results 

The MOT cost can be a major component of the overall construction budget. For some work types, 

MOT as a percentage of the total project cost (project award) is very high (e.g., 16.12% for thin 

deck overlay). The average MOT cost and MOT cost ratio (ratio of the MOT cost to the overall 

project award) can be found in Table 8.3. It was found that Road work, on average, has a much 

higher MOT cost than project types of other work categories; however, Bridge work is associated 

with the highest MOT cost ratio (12.27%, on average).  

To analyze how the MOT cost is affected by project bundling, using the average cost 

approach, the average MOT cost and MOT cost ratio were calculated for single and bundled 

projects at the work-category level (Table 8.3(a)) and at the project type level (Table 8.3(b)). At 

the work-category level, bundling was found to be associated with, on average, a lower MOT cost 

ratio for Road, Traffic, Small-structures, and Utility work and a higher ratio for Bridge and 

Miscellaneous work. At the project-type level, reductions in the average MOT cost ratio was 

observed when projects are bundled, with regard to all Road projects and most Traffic and Small-

structures project types. With regard to Bridge work, the benefits of project bundling on MOT cost 

saving were determined for new bridge, bridge replacement, deck replacement and bridge deck 

overlay. With regard to most Miscellaneous work (except M5-Paths, Sidewalks & Curb Ramps), 

it was observed that the MOT cost ratio increased when projects were bundled. In addition, Road 

and Traffic work seem to benefit the most from project bundling in terms of MOT cost savings. 
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Regarding Road work, the reduction in the MOT cost ratio due to project bundling was found to 

be most significant for R2-Added Travel Lanes, R6-Wedge & Level Only, and R12-Interchange 

Work. With regards to Traffic work, T4-Pavement Marking was found to be associated with the 

highest reduction -- a 21.55% decrease in the MOT cost ratio with bundled projects compared to 

standalone projects of this project type. 

 

Table 8.3 Comparison of Average MOT Cost Ratio between bundled and unbundled projects 

(a) Work Category Level Comparison 

Work Category Total 
Nr of 
Obs 

Average 
MOT Cost 

for all 
projects 

Average 
MOT Ratio 

for all 
projects 

Average 
MOT Cost 
Ratio for 

stand-alone 
projects 

Average 
MOT Cost 
Ratio for 
bundled  
projects 

MOT Cost 
Ratio 

reduction 
due to 

bundling 
Bridge 1730 $68,829 12.27% 9.10% 13.12% -4.02% 
Road 1154 $288,826 8.83% 9.47% 7.89% 1.58% 
Traffic 1140 $38,915 7.63% 8.70% 7.18% 1.52% 
Small-structures 508 $22,394 6.89% 8.16% 6.04% 2.12% 
Miscellaneous 174 $37,116 9.52% 7.29% 13.26% -5.96% 
Utility 40 $75,067 8.05% 61.71% 6.63% 55.08% 

(b) Project Type Level Comparison 
Project Type Total 

Nr of 
obs 

Average 
MOT Cost 
Ratio for 

all 
projects 

Average 
MOT Cost 
Ratio for 

stand-alone 
projects 

Average 
MOT Cost 
Ratio for 
bundled  
projects 

MOT Cost 
Ratio 

reduction 
due to 

bundling 
B1-New Bridge 303 5.78% 6.13% 5.73% 0.41% 
B2-Bridge Replacement 210 7.19% 7.54% 6.94% 0.60% 
B3-Superstructure Replacement 56 9.26% 6.20% 10.71% -4.52% 
B4-Deck Replacement 63 8.12% 8.45% 8.00% 0.45% 
B5-Bridge Widening 50 6.68% 6.15% 6.78% -0.63% 
B6-Bridge Deck Overlay 325 8.70% 9.36% 8.44% 0.93% 
B7-Thin Deck Overlay 167 16.12% 11.51% 16.68% -5.17% 
B8-Misc. Bridge Rehab & Repair 556 19.93% 12.10% 21.40% -9.30% 
R1-New Road Construction 66 5.77% 6.26% 5.75% 0.51% 
R2-Added Travel Lanes 61 8.17% 11.41% 7.02% 4.39% 
R3-Patch & Rehab Pavement 101 11.34% 11.79% 10.21% 1.59% 
R4-Partial 3 556 9.17% 9.30% 8.78% 0.52% 
R5-Road Rehabilitation (3R/4R) 37 7.10% 7.31% 7.04% 0.27% 
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Table 8.3 continued 

R6-Wedge & Level Only 15 8.04% 8.33% 4.00% 4.34% 
R7-Sight Distance Correction 22 6.97% 7.59% 5.66% 1.93% 
R8-Shoulder Rehab & Repair 2 5.39% NA 5.39% NA 
R9-Pavement, Other 11 8.63% 8.66% 8.53% 0.13% 
R10-Pavement Replacement 138 8.22% 8.51% 7.81% 0.70% 
R11-Intersection Improvement 106 8.92% 9.46% 8.45% 1.00% 
R12-Interchange Work 39 8.75% 14.54% 7.70% 6.84% 
T1-ITS 25 6.53% 6.22% 6.76% -0.54% 
T2-Signing 123 7.13% 8.75% 6.93% 1.81% 
T3-Traffic Signals 192 7.45% 7.46% 7.44% 0.02% 
T4-Pavement Markings 14 14.81% 30.20% 8.65% 21.55% 
T5-Guard Rail, Cable Barrier & Wall 38 8.58% 8.71% 7.89% 0.82% 
T6-Lighting 27 7.24% 9.33% 5.80% 3.53% 
S1-Pipe Lining 244 5.86% 7.69% 5.20% 2.49% 
S2-Small Structure Installation 219 7.78% 8.45% 7.10% 1.35% 
S3-Small Str. Maintenance & Repair 45 8.11% 8.10% 8.13% -0.03% 
M1-Demolition 72 6.64% 6.48% 8.69% -2.21% 
M2-Channel and Ditch Work 48 15.40% 10.50% 17.42% -6.92% 
M3-Stormwater Improvements 3 10.48% 9.53% 12.39% -2.86% 
M4-Slide Correction 35 8.35% 7.24% 9.68% -2.45% 
M5-Paths, Sidewalks & Curb Ramps 16 7.25% 8.17% 6.53% 1.64% 
U1-Railroad Work 1 61.71% 61.71% NA NA 
U2-Utility Relocation  38 6.63%  NA 6.63% NA 

8.3 Corridor Analysis Results for the MOT Cost 

In using the average cost approach, the large variations associated with different asset and facility 

types, and the different site conditions can lead to bias. Therefore, corridor analyses of MOT costs 

for projects a given road corridor were carried out. Due to the limited sample size, this was done 

at the work-category level only.  Then the MOT cost ratios for stand-alone projects and bundled 

projects (with different numbers of kins) along the same road corridor for each work category, 

were compared.  

Sections of seven major roads in the state of Indiana that had multiple projects in the past 

few years were selected for the corridor analysis: I-65, I-69, I-70, I-465, US31, US24 and State 

Road 25. To quantify the impacts of bundle size on the MOT cost at a corridor level, the average 

MOT cost ratio was calculated for each different Bundle Size (Nr of Bundled Projects) for projects 

along the same corridor. This was repeated for each work category. The sample distributions of 
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the calculated average MOT cost ratio for each bundle size (Nr of Bundled Projects) are presented 

in Figures 8.2 (a)-(b) for the I-65 and US-31 corridors. The “optimal” bundle size (that is, the one 

with the lease MOT cost ratio) and the least favorable bundle size (that is, the one with the highest 

MOT cost ratio) were identified. This was done for each work category and each corridor (Table 

8.4). In all corridors except US 24 and for all Road work, the MOT cost ratio consistently the 

highest when the bundle size is equal to one, that is, a stand-alone project. The bundle size that 

yields the lowest MOT cost ratio varies significantly across the project types, but hovers mostly 

between 9 and 12. This is consistent with results shown in Table 8.3, where stand-alone projects 

were found to have a higher MOT cost ratio compared to bundled projects, irrespective of Road 

work. For Bridge work, the MOT cost ratio of bundled projects sometimes decreases slightly as 

the bundle size increases, but starts increasing after a certain point and eventually even exceeds 

the MOT cost ratio observed for single projects. The results in Table 8.4 suggest that for some 

Bridge project types, the average MOT cost ratio of bundled projects generally exceeds that of for 

single projects.  This might be because the benefit of bundling dissipates when a project is bundled 

with too many kins. For Traffic and Small Structure projects, a generally decreasing or “U” shape 

was observed for most road corridors. For Miscellaneous work, the MOT cost ratio generally 

increased as the bundle size increased. These findings are mostly consistent with the earlier 

preliminary comparison of the average MOT cost ratios. 

Table 8.4 Nr of Bundled Projects with Min and Max MOT Ratio in Different Corridors 

 Corridor 
(Route) 

Work Category Nr of 
Obs 

Nr of 
Bundled 
Projects 

with lowest 
MOT Ratio 

Min 
MOT 
Ratio 

Nr of 
Bundled 
Projects 

With highest 
MOT Ratio 

Max 
MOT 
Ratio 

 
 

I-65 
  

Bridge 12 7 6.3% 14 37.1% 
Traffic 5 2 4.2% 1 11.8% 
Road 8 6 2.1% 1 13.4% 
Small Structure 7 3 2.5% 4 7.6% 
Miscellaneous 2 2 7.2% 1 7.8% 

 
 

I-69 
  

Bridge 13 10 4.5% 16 44.3% 
Traffic 6 2 3.0% 12 10.5% 
Road 8 10 4.5% 1 14.9% 
Small Structure 6 8 2.1% 1 8.3% 
Miscellaneous 2 1 10.5% 10 12.0% 

I-70  
Bridge 12 3 6.1% 32 43.0% 
Traffic 4 7 2.9% 4 10.6% 
Road 6 7 2.9% 1 9.9% 
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Table 8.4 continued 
 Small Structure 3 2 2.1% 1 6.7% 

I-465 

Bridge 8 13 6.8% 9 40.5% 
Traffic 5 14 5.8% 5 9.2% 
Road 8 14 5.8% 1 14.7% 
Small Structure 3 2 3.6% 1 9.6% 

US-31 
 
 
 
  

Bridge 14 12 5.1% 26 36.2% 
Traffic 10 12 5.1% 2 10.3% 
Road 12 12 5.1% 1 8.6% 
Small Structure 4 5 2.9% 1 9.3% 
Miscellaneous 2 1 5.2% 10 12.0% 
Utility 4 12 5.1% 6 8.4% 

US-24 
 
  

Bridge 9 9 5.0% 16 44.3% 
Traffic 5 9 5.0% 2 9.2% 
Road 5 9 5.0% 2 9.9% 
Small Structure 4 6 2.8% 1 10.7% 

US-25 
  

Bridge 7 2 5.3% 14 7.5% 
Traffic 3 5 6.2% 14 7.5% 
Road 7 2 5.5% 1 9.2% 
Small Structure 2 1 7.0% 3 11.2% 
Miscellaneous 2 1 5.9% 14 7.5% 

 

 
Figure 8.2 Comparison of MOT Cost Ratio for Projects along the I-65 corridor 
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8.4 Statistical Model Development 

8.4.1 Economies of Scale and Bundling for the MOT Cost 

The average cost approach provides some information and comparison on the MOT costs across 

different project types, but it fails to account for the effects of various factors (such as economies 

of scale and economies of bundling) on the MOT cost. In this section, the two major influential 

variables, project cost and the number of bundled projects in a contract were analyzed by studying 

the scatter plots. As discussed earlier, the 5% fixed De(mobilization) cost were removed from the 

total MOT cost so that the variation of MOT cost due to an influential factor can be presented more 

clearly. 

The MOT cost is expected to be largely determined by the overall project cost (award), 

because the project cost reflects not only the project size but also the project complexity and work 

quality. In general, the MOT cost is expected to increase as overall project cost increases, but the 

MOT cost ratio might decrease as the overall cost increases for most project types (see Figure 

8.3(a)) due to the economies of scale. This means that, as a project gets more expensive, although 

the MOT cost keeps increasing, the percentage of MOT cost in the total project cost gets smaller. 

One of the hypothesized benefits of project bundling is that it can lead to more cost-

effective maintenance of traffic during the construction period. The MOT cost ratio is expected to 

decrease as more projects are bundled into a contract. As shown in Figure 8.3(b), a significant 

decrease in the MOT cost ratio can be found for Road, Traffic, and Small-structure work as the 

number of bundled projects increases -- particularly when the number of bundled projects increases 

from 1 to 2. This indicates that, as more projects are bundled into a contract, more cost savings 

could be obtained on maintenance-of-traffic costs due to the economies of bundling. For project 

types in the Bridge work category, a general decreasing trend was found on the MOT cost ratio as 

Nr of Bundled Projects increases. However, when the number of bundled projects passes a certain 

point, the MOT cost ratio for Bridge work stops decreasing or even starts increasing. This indicates 

that, when the Bridge contract becomes very large, benefits of project bundling in terms of 

maintenance-of-traffic cost savings becomes smaller. For Miscellaneous and Utility work, the 

relationship between MOT cost ratio and the number of bundled projects is ambiguous.  
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(a) Effect of Project Award on MOT Cost Ratio 

        

      
(b) Effect of Bundling on MOT Cost Ratio 

 
Figure 8.3 Economies of Scale and Economies of Bundling 
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8.4.2 Deterministic Regression Model 

8.4.2.1 Model for the Work-Category Level 

The proposed functional form (Equation 8.3) was applied to develop a MOT cost model for each 

work category (except Utility work, due to limited MOT data). All the explanatory variables listed 

in Table 1 were tested and selected through stepwise regression, and only the significant variables 

were kept in the model. The final regression results are presented in Table 8.5. The adjusted R-

squared values for the models representing Road, Traffic, Small-structures and Miscellaneous 

work categories exceed 0.5, indicating a fairly good fit. The model for Bridge work, however, has 

a relatively low R-squared value (0.294). This might due to the limitation of modeling at the the 

work-category level as discussed earlier: when the effects of the explanatory variables on the MOT 

cost vary greatly across different project types within the same work category, a universal model 

at the work-category level is not sufficient to account for those variations. Therefore, for Bridge 

work, it is may be preferable to develop a model for each project type within that work category. 

From the regression results, it is clear that the Project Award amount (PA) is the most 

significant influential variable of MOT cost. For all work categories, the PA coefficient has a 

positive sign, indicating the MOT cost increases significantly as the overall project cost increases. 

The coefficients of Project Award are smaller than 1 for Bridge, Road, Small-structures and 

Miscellaneous work. According to Equation 8.5, a PA coefficient (β1) smaller than 1 indicates that 

the MOT cost ratio decreases as the project award increases (economies of scale). The coefficient 

of Project Award is very close to 1 for Traffic work, indicating that the MOT cost is increasing 

proportionally (with a nearly constant MOT cost ratio) as the project award increases. 

The bundling effect on the MOT cost was analyzed in terms of the bundle size (number of 

bundled projects) and “geographical” proximity (whether projects are bundled along the same 

corridor). The bundle size was found to be a significant variable for Bridge, Road, Traffic and 

Small-structures, but not significant for Miscellaneous work. The coefficients estimated for the 

bundle size (Nr of Bundled Projects) were found to be negative for all project types, indicating 

that, when the overall project cost and all the other variables are the same, the MOT cost for a 

project decreases as more projects are bundled in a contract (economies of bundling). This is 

intuitive because the benefit of project bundling is generally expected to be higher when projects 

are bundled along the same corridor. The reason is that resources, construction materials, and 

maintenance of traffic costs can be shared and coordinated more easily if all projects in the contract 
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are located on the same road corridor. The Same-Corridor indicator was found to be a significant 

factor (with negative signs) for Bridge, Small-structures and Miscellaneous work, but not for Road 

and Traffic work. This means that, for Bridge, Small-structures and Miscellaneous work, the MOT 

cost can be further reduced by bundling if the bundled projects are located along the same corridor.  

Other variables were included in the models to account for the variations of the MOT cost 

caused by different locations, site conditions and weather conditions. According to the model 

results, for Bridge, Road and Miscellaneous work, projects at Interstate highways were found to 

have higher MOT costs compared to those at Non-Interstates, and lower MOT costs for Small-

structures work. The MOT costs of urban projects were found to be generally higher compared to 

their rural counterparts, but lower for Bridge and Miscellaneous work. The average daily traffic 

(ADT) was found to have significant impacts for Bridge, Road, Traffic and Small-structures work, 

with positive signs, indicating that MOT cost increases significantly as the traffic volume increases. 

Finally, the Letting in Winter indicator was found to be an influential factor for Traffic and Small-

structures work, indicating that projects which commence in the winter season are associated with 

generally higher MOT cost compared to those let in other seasons. This is an interesting finding 

that could be attributed to extra resources, site facilities, or processes to ensure that personnel or 

certain materials are kept warm.  

Table 8.5 Regression Model for Each Work Category 

Parameter Estimate Std. Error t value P-value 
(a) Bridge Work Category 

Intercept 1.199 0.421 2.845 4.50E-03 
ln(Project Award) 0.543 0.026 21.210 9.76E-88 
ln(Nr of Bundled Projects) -0.115 0.044 -2.590 9.69E-03 
Same Corridor Indicator -0.522 0.095 -5.512 4.16E-08 
Interstate Indicator 0.296 0.091 3.246 1.19E-03 
Urban Indicator -0.183 0.086 -2.118 3.43E-02 
ln(ADT) 0.140 0.037 3.810 1.45E-04 

Nr of Observations = 3245; 𝐑𝟐 = 𝟎.𝟐𝟗𝟒 
(b) Road Work Category 

Intercept -1.700 0.464 -3.668 2.55E-04 
ln(Project Award) 0.773 0.026 29.446 3.40E-142 
ln(Nr of Bundled Projects) -0.370 0.054 -6.901 8.53E-12 
Interstate 0.301 0.103 2.914 3.64E-03 
Urban 0.148 0.075 1.981 4.78E-02 
ln(ADT) 0.141 0.041 3.464 5.51E-04 

Nr of Observations = 1538; 𝐑𝟐 = 𝟎.𝟓𝟎𝟑 
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Table 8.5 continued 

(c) Traffic Work Category 
Intercept -5.180 0.702 -7.375 1.10E-12 
ln(Project Award) 1.013 0.049 20.542 5.10E-63 
ln(Nr of Bundled Projects) -0.258 0.072 -3.565 4.12E-04 
ln(ADT) 0.112 0.068 1.645 1.01E-01 
Start In Winter 0.163 0.125 1.304 1.93E-01 

Nr of Observations = 373; 𝐑𝟐 = 𝟎.𝟔𝟏𝟕 
(d) Small-structures Work Category 

Intercept -4.292 0.715 -6.005 3.72E-09 
ln(Project Award) 0.930 0.050 18.636 4.04E-59 
ln(Nr of Bundled Projects) -0.562 0.070 -8.084 4.84E-15 
Same Corridor -0.310 0.140 -2.217 2.71E-02 
Interstate -0.503 0.157 -3.200 1.46E-03 
ln(ADT) 0.186 0.046 4.012 6.95E-05 
Start In Winter 0.128 0.095 1.354 1.76E-01 

Nr of Observations = 502; 𝐑𝟐 = 𝟎.𝟓𝟔𝟏 
(e) Miscellaneous Work Category 

Intercept -0.779 0.775 -1.006 3.17E-01 
ln(Project Award) 0.833 0.073 11.375 9.87E-20 
Same Corridor -0.931 0.275 -3.387 1.01E-03 
Interstate 0.470 0.253 1.858 6.61E-02 
Urban -0.302 0.211 -1.434 1.55E-01 

Nr of Observations = 105; 𝐑𝟐 = 𝟎.𝟔𝟑𝟐 
 

8.4.2.2 Model for the Project-Type Level 

The regression procedure described earlier was used to develop a specific model for each project 

type. As discussed earlier, the models at project-type level compared to the work-category level, 

are inherently more capable of capturing the variations in the data, albeit with a reduced sample 

size. Models were developed for only those project type with more than 20 observations. Table 

8.6 presents the regression result for each project type. The interpretations of the explanatory 

variables ae the same as those explained in an earlier section for with the work-category level. 

Here, we focus on discussing the effects of project award and project bundling only. 

For Bridge work, Project Award (PA) is statistically significant for all Bridge project types, 

with different coefficients estimated for different Bridge project types. The coefficients of PA for 

B6 and B8 are positive and less than 1, indicating that, although the MOT cost increases as the 

overall project cost increases, the MOT cost ratio is decreasing. The coefficients of PA for B1, B5 

and B7 are close to 1, indicating the MOT cost is increasing proportional (a nearly linear increase) 
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to the overall cost, and the MOT cost ratio is approximately a constant. For other Bridge project 

types, the coefficient of PA is greater than 1, which indicates that both MOT cost and MOT cost 

ratio will increase as project award increases. As shown in the data in Table 8.3 (b), most 

observations of Bridge work are from project types B6 and B8. That is why the Project Award was 

found to have a in general negative effect on the MOT cost for Bridge work in the work category 

level model (Table 8.5(a)). This also explains the pattern found in Figure 8.3(a) for Bridge work: 

the MOT cost ratio in a bridge project is in general reduced as the Project Award increases, 

although this is not true for all Bridge project types. The influences of bundle size (Nr of Bundled 

Projects (NBP)) on the MOT cost are significant for project types B1, B3, B4, B6 and B8, but the 

effect varies greatly. It is observed that the coefficient estimated for NBP has a negative sign for 

project types B1, B4, and B6, indicating that the MOT cost for these project types can be 

significantly reduced by project bundling. For project types B3 and B8, NBP was found to have a 

positive coefficient. This means that the MOT cost in these project types might be higher compared 

to others due to project bundling. The impact of bundling geographical proximity (represented by 

the Same Corridor (SC) Indicator) on the MOT cost was found to be significant for B1, B2, B7 

and B8, and the coefficients estimated for the SC Indicator are all negative for the four project 

types. This means projects bundled along the same corridor are associated with lower MOT costs 

compared to those bundled at different locations. 

For Road project types, ln(PA) was also found to be significant for all the project types. 

The coefficients of ln(PA) for most Road project types (R2, R3, R4, R10, R11, and R12) are 

positive and less than one, which means that, as project cost increases, the MOT cost increases, 

but the MOT cost ratio gets smaller. For R1 and R5, the coefficients of Project Award are slightly 

greater than 1, indicating that the MOT cost increases (with a slightly increasing MOT cost ratio, 

(i.e., the slope)) as project cost increases. The variable Nr of Bundled Projects was found to be 

significant and has a negative sign for most Road projects (except R3, R5 and R12). This indicates 

a significant amount of MOT cost can be saved through project bundling for most Road projects. 

This conclusion is consistent with findings from (1) the average cost comparison at project type 

level (Table 8.3 (b)) where the average MOT cost ratio of bundled projects is lower than that of 

stand-alone projects for all the Road project types and (2) the scatter plot of MOT cost vs. Nr of 

Bundled Projects (Figure 8.3(b) for Road work) where the MOT cost ratio was seen to decrease 

as the Nr of Bundled Projects increases. The Same Corridor Indicator was only found to be 



184 
 

significant for R1 and R11, with negative sign, indicating the geographical proximity between 

bundled projects will have impacts only on the two Road project types. This explains why the SC 

Indicator is not significant in the work category level model for Road work.  

For Traffic work, the coefficients of Project Award for Traffic projects are smaller than 1 

for T5 and T6 (indicating a significant effect of the economies of scale) and close to 1 for T1, T2 

and T3 (indicating a nearly linear increase of MOT cost with increasing overall project cost). The 

effect of economies of bundling on MOT cost was only found to be significant for project T2. And 

the Same Corridor (SC) Indicator is insignificant for all Traffic project types.  For Small-structures 

and Miscellaneous work types. the coefficients of Project Award for all project types are smaller 

or close to 1. In addition, the benefits of project bundling on reducing cost for the maintenance of 

Traffic work were evident for the Small-structure work types S1 and S2, but not for the project 

types in the Miscellaneous. 

Table 8.6 Regression Model Results for each Project Type 

Work 
Type 

Explanatory Variables 
Obs R^2 Intercep

t 
ln 

(PA) 
ln 

(NBP) SC Int. Urban ln 
(ADT) Wint. 

B1 -6.559 1.167 -0.385 -0.944 -1.005 0.649 
 

0.670 202 0.374 
B2 -11.192 1.345 

 
-0.389 

 
-0.844 0.282 0.274 202 0.515 

B3 -12.184 1.324 0.427 
 

0.833 -0.907 0.355  57 0.551 
B4 -10.053 1.465 -0.466 

    
 63 0.383 

B5 -10.843 1.155 
   

-0.475 0.413 0.590 46 0.505 
B6 -4.521 0.854 -0.373 

  
-0.532 0.333  323 0.387 

B7 -3.816 1.035 
 

-0.399 
 

0.581 0.056  161 0.440 
B8 -1.189 0.791 0.471 -0.192 0.544 -0.620 

 
 484 0.387 

R1 -5.056 1.106 -0.762 -0.936 -1.149 
  

 52 0.294 
R2 -2.593 0.910 -0.359 

 
0.437 0.282 

 
 66 0.796 

R3 -0.922 0.822 
  

0.356 
  

 100 0.577 
R4 -1.270 0.705 -0.171 

 
0.414 

 
0.205  541 0.391 

R5 -3.983 1.025 
  

-0.766 -0.428 
 

 46 0.649 
R7 -4.960 1.042 -1.429 

    
0.724 24 0.602 

R10 -2.896 0.943 -0.252 
 

0.332 
  

 142 0.371 
R11 -2.066 0.823 -0.502 -0.762 

 
0.245 0.188  105 0.390 

R12 -1.323 0.825 
  

0.446 
  

 45 0.606 
T1 -4.334 0.990 

  
0.777 

  
 24 0.776 

T2 -6.714 1.025 -0.462 
 

0.344 0.479 0.207 0.356 103 0.728 
T3 -3.876 0.983 

  
-0.619 

  
 180 0.426 

T5 -0.573 0.797 
  

-0.360 
  

 30 0.767 
T6 7.1783  0.7548  

   
 25 0.205 

S1 -1.600 0.838 -0.717 -0.224 
 

-0.115 
 

0.190 240 0.668 
S2 -6.529 0.985 -0.428 -0.538 -1.989 

 
0.408  216 0.381 

S3 -8.162 1.209 
 

-2.318 
 

0.815 0.369  46 0.424 
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Table 8.6 continued 
M1 -5.995 1.147 

  
1.451 

  
 20 0.747 

M2 -0.250 0.793 
 

-0.389 
 

-0.634 
 

 42 0.721 
M4 2.175 0.616 

 
-1.084 0.982 

  
 34 0.266 

Note: PA is Project Award; NBP is the number of bundled proejcts; SC is the Same Corridor 
Indicator, Win. Is Start In Winter Indicator 

8.4.2.3 Marginal Effects Calculation 

The marginal effects of each influential variable on the MOT cost (and MOT cost ratio) were 

calculated for all the projects in the current dataset, and the average marginal effects are presented 

in Tables 8.7 (a)-(b) for each work category and in Tables 8.8 (a)-(b) for each project type. The 

average marginal effects can be used to measure, for a group of projects (for a certain work 

category or a certain project type), the magnitude and direction of the instantaneous effect that a 

change in a certain explanatory variable has on the MOT cost (or MOT cost ratio). For example, 

the marginal effect of project award on the MOT cost and MOT cost ratio are 0.01986 and -5.94E-

07 respectively for Bridge work. This means that, on average, a one unit (1 $) increase of Project 

Award will increase the MOT cost by $0.01986 and reduce the MOT cost ratio by 5.94E-07. 

By comparing the magnitudes of the marginal effects of each variable on the MOT cost 

and MOT cost ratio at the work category level (Table 8.7), it was found that the MOT cost is the 

most sensitive to project award for Miscellaneous work, and the MOT cost ratio is the most 

sensitive to project award for Bridge work. The impacts of bundle size (number of bundled projects) 

and bundling geographical proximity (if projects are bundled along the same corridor) on both the 

MOT cost and MOT cost ratio were found to be greatest for Road work and Miscellaneous work 

respectively. In addition, the MOT cost for Road work was found to be influenced the most 

significantly by the road functional class (Interstate or Non-Interstate, Urban or Rural); while the 

MOT cost ratio was found to be the most sensitive to the road functional class for Miscellaneous 

work. With regard to the traffic volume (ADT), its impact on the MOT cost is the greatest for Road 

work, and the most significant for Bridge work. Both the MOT cost and MOR cost ratio of Traffic 

work seems to be the most vulnerable to weather condition, as it exhibits the greatest average 

marginal effect for the variable Letting In Winter Indicator. 
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Table 8.7  Average Marginal Effect (for Model of the Work-Category Level) 

(a) Average Marginal Effect of Each Influential Variable on MOT Cost 

Work 
Category 

Project 
Award 

($) 

Nr of 
Bundled 
Projects 

Same 
Corridor Interstate Urban ADT 

Letting 
In 

Winter 

Bridge 0.01986 -521.97 -5412.45 3069.309 -
1893.80 0.42582  

Road 0.02144 -
15016.35 

 19920.737 9789.37 0.98947  

Traffic 0.01688 -
1408.983 

   0.04418 1500.542 

Small-
structures 0.01385 -2077.68 -1444.50 -2338.243  0.23221 595.271 

Miscellaneous 0.03407  -10631.92 5370.998 -
3449.58 

  

(b) Average Marginal Effect of Each Influential Variable on MOT Cost Ratio 

Work 
Category 

Project 
Award 

($) 

Nr of 
Bundled 
Projects 

Same 
Corridor Interstate Urban ADT 

Letting 
In 

Winter 
Bridge -5.94E-07 -0.001085 -0.019104 0.010834 -0.006685 4.43E-06  
Road -1.81E-08 -0.008401  0.008355 0.004106 6.53E-07  
Traffic 2.20E-09 -0.002379    1.36E-07 0.002712 
Small-
structures -1.10E-08 -0.005873 -0.004625 -0.007487  9.12E-07 0.001906 

Miscellaneous -2.70E-07  -0.038094 0.019244 -0.012360   
 

The average marginal effects of the two major factors (economies of scale and economies 

of bundling) were then compared at the project type level (Table 8.8). It was found that the impact 

of project overall cost (economies of scale) on the MOT cost is relatively high for Bridge projects 

B7, B8, Road projects R3, R11, Traffic project T5, Miscellaneous project type M2, and small-

structures project S2; and the impact on MOT cost ratio is relatively greater for Bridge project 

types B7, B8, Road project types R3, R4, R11, Traffic project types T5, Miscellaneous project 

type M2 and Small-structures project type S1. The magnitude of the reduction effects of bundle 

size (economies of bundling) on the MOT cost is greater for Bridge projects B4, Road projects R2, 

R10, Traffic project T2 and Small-structures project S2; and the reduction on MOT cost ratio is 

relatively more significant for Bridge project types B4, B6, Road project types R2, R4, R10, R11 

and Small-structures project types S1 and S2. 
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Table 8.8 Average Marginal Effect (for Model of the Project Type Level) 

(a) Average Marginal Effect of Each Influential Variable on MOT Cost 

Project 
Type 

Project 
Award 

($) 

Nr of 
Bundled 
Projects 

Same 
Corridor 

Interstate Urban ADT Letting 
In 

Winter 
B1 0.004719 -1184.876 -10173 -10830 6994 

 
7220 

B2 0.017395 
 

-14503 
 

-31467 0.004026 10216 
B3 0.035697 9057.936 

 
35675 -38844 0.009571 

 

B4 0.028883 -8162.166 
     

B5 0.017992 
   

-8526 0.004276 10590 
B6 0.020457 -2581.403 

  
-6231 0.007976 

 

B7 0.062404 
 

-5208 
 

7583 0.003376 
 

B8 0.072786 1082.813 -1190 3371 -3842 
  

R1 0.004972 -11348.856 -56574 -69448 
   

R2 0.018210 -17536.26 
 

90072 58125 
  

R3 0.037340 
  

15417 
   

R4 0.022499 -6949.336 
 

19761 
 

0.006542 
 

R5 0.021586 
  

-115233 -64386 
  

R7 0.021227 -43833.37 
    

18896 
R10 0.021007 -16740.305 

 
32528 

   

R11 0.024594 -9779.071 -21347 
 

6864 0.005618 
 

R12 0.020878 
  

102340 
   

T1 0.022362 
  

32457 
   

T2 0.019092 -1707.996 
 

2735 3809 0.002964 2831 
T3 0.016286 

  
-1857 

   

T5 0.025988 
  

-14415 
   

T6 
 

1283.072 
     

M1 0.021578 
  

37790 
   

M2 0.054500 
 

-2905 
 

-4735 
  

M4 0.018818 
 

-16301 14767 
   

S1 0.011278 -1043.511 -491 
 

-252 
 

416 
S2 0.017332 -2978.346 -4665 -17247 

 
0.00717904 

 

S3 0.016752 
 

-10016 
 

3521 0.00511283 
 

(b) Average Marginal Effect of Each Influential Variable on MOT Cost Ratio 

Project 
Type 

Project 
Award 

Nr of 
Bundled 
Projects 

Same 
Corridor 

Interstate Urban ADT Letting 
In 

Winter 
B1 7.54E-10 -0.000608 -0.005085 -0.005413 0.003496 

 
0.003609 

B2 3.54E-09 
 

-0.005555 
 

-0.012052 0.004027 0.003913 
B3 7.07E-09 0.005196 

 
0.022459 -0.024454 0.009571 

 

B4 7.80E-09 -0.005380 
     

B5 2.62E-09 
   

-0.004918 0.004276 0.006109 
B6 -1.40E-08 -0.004765 

  
-0.012744 0.007977 
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Table 8.8 continued 

B7 2.54E-08 
 

-0.024057 
 

0.035031 0.003376 
 

B8 -8.98E-07 0.005523 -0.017668 0.050058 -0.057051 
  

R1 6.68E-11 -0.001119 -0.004208 -0.005166 
   

R2 -3.35E-09 -0.004122 
 

0.008745 0.005643 
  

R3 -7.42E-08 
  

0.016172 
   

R4 -1.58E-08 -0.004706 
 

0.013212 
 

0.006542 
 

R5 1.40E-10 
  

-0.016131 -0.009013 
  

R7 2.11E-09 -0.027479 
    

0.011512 
R10 -6.94E-10 -0.004356 

 
0.007396 

   

R11 -1.48E-08 -0.011346 -0.022771 
 

0.007321 0.005618 
 

R12 -6.12E-09 
  

0.011287 
   

T1 -3.97E-10 
  

0.017551 
   

T2 4.41E-09 -0.003847 
 

0.004927 0.006861 0.002965 0.005099 
T3 -3.81E-09 

  
-0.010255 

   

T5 -6.63E-08 
  

-0.011739 
   

T6  0.010177 
     

M1 2.14E-08 
  

0.027297 
   

M2 -8.02E-07 
 

-0.026735 
 

-0.043572 
  

M4 -1.49E-07 
 

-0.033115 0.029999 
   

S1 -4.44E-08 -0.005957 -0.003218 
 

-0.001652 
 

0.002729 
S2 -8.85E-10 -0.005817 -0.009466 -0.034998 

 
0.007179 

 

S3 1.50E-08 
 

-0.032118 
 

0.011293 0.005113 
 

 

8.4.2.4 Sensitivity Analysis of MOT Cost to the Bundling Effects 

In this dissertation, sensitivity analysis was carried out to simulate, at the work category level and 

project type level respectively, how the MOT cost ratios (MOT Cost/ Project Award) are affected 

by the changes of Project Award (economies of scale) and Nr of Bundled Projects (economies of 

bundling). The results are presented in Figure 8.3 for the work-category level model and in Figure 

8.4 for the project-type level model. For purpose of comparison with the average MOT ratio 

presented earlier, the fixed 5% mobilization and demobilization cost was added back to the total 

MOT cost ratio before developing these plots. At the work-category level (Figure 8.4(a)), as there 

are more projects bundled in a contract, the MOT cost ratio decreases significantly for Road, 

Traffic and Small-structures work and slightly for Bridge work. At the project-type level (Figure 

8.4(b)), Bridge projects B4, B6, Road projects R1, R2, R3, R4, R7, R10, R11, Traffic projects T2 

and Small-structures projects S1, S2 are more sensitive to the economies of bundling. 
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(a) Work Category level model 

    
(1) Bridge Work    (2) Road Work 

     
(3) Traffic Work    (4) Small-structures Work 

(b) Project type level model  

Figure 8.4 Sensitivity of MOT Ratio to Bundle Size 
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8.4.3 Probabilistic Model (Ordinal Logistic) 

8.4.3.1 Estimation Results 

The ordinal logit model specified in Section 8.1.3 was then applied to develop probabilistic model 

that can be used to model the probability of a project being associated with each level of MOT 

ratio (defined in Table 8.2). The model estimation results are summarized in Table 8.9 (the work-

category level) and Table 8.10 (the project-level model).  

At the work category level, the results of the ordinal logit model were found to be mostly 

consistent with the conclusions from the regression model developed in the previous sections in 

terms of the direction of the influences of the explanatory variables. However, there are several 

inconsistencies. First, in the ordinal logit model, the coefficient estimated for the variable Nr of 

Bundled Projects is positive, indicating that the probability of a project having higher level of 

MOT cost ratio increases as more projects bundled in the contract. While in the regression model, 

opposite conclusion was obtained. Second, for all the five work categories, the coefficients 

estimated for the variable ln(Project Award) in the ordinal logit model are negative, indicating the 

MOT ratio level decreases as the project cost increases due to the economies of scale. However, 

in the regression model, the coefficients of ln(Project Award) was estimated to be greater than 1 

for Traffic work, indicating that the MOT cost increases and at an increasing rate (increasing MOT 

ratio) as project cost increases. 

 

Table 8.9 Ordinal Logistic Model for Each Work Category 

 Variables Estimate Std. Error z value Pr(>|z|) 
(a) Bridge Work 

Nr of Observations = 1538;     Log-likelihood = -2058 (10 df);     AIC=4136  
ln(Project Award) -0.592 0.039 -15.191 4.05E-52 
Nr of Bundled Projects 0.040 0.009 4.564 5.02E-06 
Same Corridor -0.436 0.124 -3.513 4.44E-04 
Interstate 0.381 0.125 3.054 2.26E-03 
Urban -0.349 0.120 -2.919 3.52E-03 
ADT (in thousand) 0.009 0.002 4.050 5.12E-05 
Thresholds: 𝛉𝟏 = −𝟖.𝟔𝟔𝟕; 	𝛉𝟐 = −𝟕.𝟎𝟕𝟖; 	𝛉𝟑 = −𝟔.𝟒𝟗𝟒; 	𝛉𝟒 = −𝟓.𝟔𝟐𝟗 

(b) Road Work 
Nr of Observations = 1146;     Log-likelihood = -1618 (9 df);     AIC= 4136 

ln (Project Award) -0.434 0.047 -9.235 2.59E-20 
Nr of Bundled Projects -0.168 0.029 -5.695 1.23E-08 
Interstate 0.462 0.190 2.431 1.50E-02 
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Table 8.9 continued 

Urban 0.141 0.119 1.186 2.36E-01 
ADT (in thousand) 0.014 0.003 3.881 1.04E-04 
Thresholds: 𝛉𝟏 = −𝟕.𝟖𝟗𝟗; 	𝛉𝟐 = −𝟔.𝟎𝟏𝟎;𝛉𝟑 = −𝟓.𝟎𝟕𝟑; 	𝛉𝟒 = −𝟑.𝟑𝟎𝟕 

(c) Traffic Work 
Nr of Observations = 373;     Log-likelihood = -489 (8 df);     AIC=995 

ln (Project Award) -0.132 0.082 -1.613 1.07E-01 
Nr of Bundled Projects -0.136 0.034 -4.065 4.80E-05 
ADT (in thousand) 0.014 0.003 4.134 3.57E-05 
Letting in Winter 0.361 0.206 1.755 7.92E-02 
Thresholds: 𝛉𝟏 = −𝟐.𝟔𝟎𝟎; 	𝛉𝟐 = −𝟎.𝟔𝟕𝟏; 	𝛉𝟑 = 𝟎.𝟒𝟑𝟗; 	𝛉𝟒 = 𝟏.𝟕𝟑𝟑 

(d) Small-structures 
Nr of Observations = 502;    Log-likelihood = -601 (8 df);     AIC=1218 

ln (Project Award) -0.160 0.093 -1.710 8.73E-02 
Nr of Bundled Projects -0.470 0.053 -8.809 1.26E-18 
Same Corridor -0.500 0.270 -1.854 6.37E-02 
Letting in Winter 0.216 0.188 1.148 2.51E-01 
Thresholds: 𝛉𝟏 = −𝟒.𝟏𝟏𝟎; 	𝛉𝟐 = −𝟐.𝟐𝟔𝟖; 	𝛉𝟑 = −𝟏.𝟐𝟑𝟕;𝛉𝟒 = 𝟎.𝟏𝟓𝟗 

(e) Miscellaneous 
Nr of Observations = 105;  Log-likelihood = -129 (9 df);     AIC=276 

ln (Project Award) -0.356 0.154 -2.312 2.08E-02 
Nr of Bundled Projects -0.142 0.080 -1.774 7.60E-02 
Same Corridor -3.521 0.813 -4.331 1.48E-05 
Interstate 0.609 0.486 1.252 2.11E-01 
Urban -1.083 0.422 -2.567 1.03E-02 
Thresholds: 𝛉𝟏 = −𝟏𝟎.𝟎𝟑𝟓; 	𝛉𝟐 = −𝟖.𝟏𝟏𝟖; 	𝛉𝟑 = −𝟕.𝟑𝟖𝟎; 	𝛉𝟒 = −𝟒.𝟔𝟔𝟕 

Notes: 𝜃" represents the cut point for the adjacent levels of the response variable 

 

At the project-type level, the results of the ordinal logit model (Table 8.10) were found to 

be quite different from those of the regression model, particularly when the sample size is small. 

When the number of observations is sufficiently large, the results between the ordinal logit and 

regression model are completely consistent in terms of the significance test of a variable and the 

direction of its influence. For example, the estimation results for project type B8 (484 observations) 

and R4 (541 observations) are consistent with each other between the two modeling approaches. 

For other project types, there is at least one variable estimated differently between the two models. 

Based on the ordinal logit model results, the economies of scale was found for Bridge 

project types B6, B7, B8, Road project types R2, R3, R4, R5, R10, R11, R12, Traffic project types 

T3, T5, T6, Small-structures project type S1 and Miscellaneous project types M2, M4. And the 

economies of bundling was found for more project types including Bridge project types B1, B4, 
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B6, B7, B8, all the Road project types, Traffic project types T2, T3, T5, Small-structures project 

types S1, S2 and Miscellaneous project type M2. Compared to the conclusions from the 

deterministic regression model, the ordinal logit model is more powerful in the significance test of 

bundling effects. 

Table 8.10 Ordinal Logistic Model Results for Each Project Type 

Work 
Type 

Explanatory Variables Thresholds   
Log 

(Cost) NBP SMCR Int. Urban ADT Wint 𝛉𝟏 𝛉𝟐 𝛉𝟑 𝛉𝟒 Obs AIC 

B1 0.069 -0.067  -0.959  0.040 1.570 2.35 4.80 6.00 6.70 202 313 
B2 0.746   1.066 -0.719  0.371 10.09 12.14 13.06 13.37 202 495 
B3 0.471   2.727 -1.513   6.02 8.34 9.13 9.48 57 141 
B4 0.553 -0.323  -0.205    6.04 7.42 7.78 9.23 63 173 
B5     -1.470 0.029 0.977 -0.18 2.79 3.95  46 96 
B6 -0.172 -0.132  0.473 -0.429 0.022  -3.88 -1.75 -0.75 0.63 323 910 
B7 -0.227 -0.057 -0.477  0.707 0.015  -6.52 -3.62 -3.30 -1.96 161 427 
B8 -0.276 0.147 -0.419 1.164 -1.234   -4.69 -3.36 -2.76 -1.73 484 1087 
R1  -0.315   0.939   -0.08 2.06 2.80  52 72 
R2 -0.383 -0.144   1.093 0.014 0.111 -6.30 -3.76 -2.65 -1.46 66 173 
R3 -0.370 0.045   -0.150 0.013  -7.61 -5.46 -4.59 -2.45 100 295 
R4 -0.594 -0.145  0.550  0.028  -10.13 -8.22 -7.20 -5.34 541 1572 
R5 -0.090 -0.167  -2.255 -2.877  0.459 -5.84 -2.14 -0.01 1.16 46 108 
R7  -0.830   -0.895  1.651 -1.27 0.49 1.32 3.27 24 76 

R10 -0.157 -0.065  -0.395  0.032 0.009 -3.49 -1.80 -0.78 0.57 142 432 
R11 -0.299 -0.475 -1.349 -2.005 0.289 0.038  -7.79 -5.51 -4.74 -2.86 105 312 
R12 -0.237 -0.042  0.493    -5.31 -3.01 -2.34 -1.16 45 137 
T1    1.989  0.014  0.60 3.23 6.08  24 59 
T2  -0.133 -0.587 0.436 0.432 0.025 0.780 -0.26 2.16 3.26 4.69 103 239 
T3 -0.174 -0.089 -0.187 -1.082   0.282 -3.71 -1.39 -0.19 1.63 180 459 
T5 -0.784 0.228  -0.889 -0.365   -13.53 -11.27 -9.24 -6.33 30 87 

T6 -1.919   -1.365 -1.571 0.054 0.815 -22.99 -21.64 -20.52 -
19.13 25 68 

S1 -0.538 -0.652 -0.441  -0.391  0.200 -9.47 -6.83 -5.19 -2.68 240 457 
S2 0.074 -0.353 -0.753 -6.651  0.088 0.235 -0.66 0.81 1.71 2.87 216 611 
S3 0.671  -3.842 -3.946 1.297 0.164 1.178 5.69 8.01 8.91  46 104 
M1 

   
21.12 

   
-1.03 1.03 2.14  20 55 

M2 -0.569 -0.208 -2.665 
 

-1.398 0.004 
 

-11.89 -10.54 -10.29 -7.35 42 104 
M4 -0.822 

 
-45.57 

  
0.063 

 
-57.87 -55.58 -53.95 -

32.85 
34 88 

 

8.4.3.2 Marginal Effects 

In this Section, marginal effects analysis was carried out for the developed ordinal logit models, 

at the work category level, to acquire a good sense of the direction and magnitude of the influence 
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of each explanatory variable on the probability of each MOT ratio level. The results are presented 

in Table 8.11. Each value in the table represents the change of the probability of a project having 

a certain level of MOT cost ratio due to one unit increase of a certain explanatory variable. For 

example, the marginal effect of Nr of Bundle Projects is -0.0063 for MOT Ratio Level 1 and 

0.0056 for the Level 5. This means as the number of projects in a contract increase by 1, the 

probability of being at MOT Ratio Level 1 will decrease by 0.0063 and the probability of being at 

Level 5 will increase by 0.0056 for any project in that contract.  

Table 8.11 Average Marginal Effect (Work Category Model) 
 

Explanatory 
Variables 

MOT Cost Ratio Levels 
Level 1 Level 2 Level 3 Level 4 Level 5 
MOT 

Ratio: <1% 
MOT 
Ratio: 
1%-3% 

MOT 
Ratio: 
3%-5% 

MOT 
Ratio: 
5-10% 

MOT 
Ratio: 
>10% 

(a) Bridge Work Category 
ln (Project Award) 0.0922 0.05483 -0.01771 -0.04703 -0.0823 
Nr of Bundled Projects -0.0063 -0.00375 0.001209 0.003212 0.0056 
Same Corridor 0.0649 0.043381 -0.01099 -0.03372 -0.0636 
Interstate -0.0577 -0.03695 0.010248 0.029754 0.0547 
Urban 0.0562 0.029827 -0.01143 -0.02783 -0.0468 
ADT In Thousand -0.0014 -0.00083 0.000268 0.000712 0.0012 

(b) Road Work Category 
ln(Project Award) 0.0544 0.053571 -0.02538 -0.05981 -0.0228 
Nr of Bundled Projects 0.0211 0.020749 -0.00983 -0.02316 -0.0088 
Interstate -0.0522 -0.06287 0.020992 0.066263 0.0278 
Urban -0.0176 -0.01754 0.008193 0.019531 0.0075 
ADT In Thousand -0.0017 -0.00168 0.000794 0.001872 0.0007 

(c) Traffic Work Category 
ln(Project Award) 0.026 0.000684 -0.0133 -0.009 -0.0044 
Nr of Bundled Projects 0.0269 0.000708 -0.01377 -0.00932 -0.0045 
ADT In Thousand -0.0027 -7.2E-05 0.001391 0.000941 0.0005 
Letting In Winter -0.0688 -0.00648 0.036487 0.025962 0.0128 

(d) Small-structures 
ln(Project Award) 0.0381 -0.01275 -0.01348 -0.00853 -0.0033 
Nr of Bundled Projects 0.1119 -0.03746 -0.03962 -0.02508 -0.0098 
Same Corridor 0.1134 -0.02549 -0.04464 -0.03079 -0.0125 
Letting In Winter -0.0511 0.016122 0.018469 0.011867 0.0047 

(e) Miscellaneous 
ln(Project Award) 0.0223 0.056224 0.010386 -0.06865 -0.0203 
Nr of Bundled Projects 0.0089 0.022414 0.00414 -0.02737 -0.0081 
Same Corridor 0.168 0.380441 0.120081 -0.26252 -0.406 
Interstate -0.0324 -0.09159 -0.02591 0.108242 0.0416 
Urban 0.0843 0.165855 0.010547 -0.2082 -0.0525 
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8.4.3.3 Sensitivity Analysis 

Sensitivity analysis was conducted to simulate, at the work category level, how the probabilities 

of each MOT cost ratio level are affected by the change of bundling-related variables. The 

sensitivity results are presented in Figures 8.5(1)-(3) for the two bundling variables: Nr of Bundled 

Projects and Same Corridor Indicator. 

 It was observed that, the probabilities of the five MOT cost ratio levels are less sensitive to 

an increased bundle size for Bridge work compared to other work categories. Further, the MOT 

cost ratio levels of Miscellaneous work were found to be the more sensitive compared to other 

work types to whether or not the projects are bundled along the same corridor. 

 

 

 
(1) Bridge          (2) Road          (3) Traffic  

   
(4) Small-structures   (5) Miscellaneous 

(a) Sensitivity of MOT ratio to the number of bundled projects 
Figure 8.5 Sensitivity Analysis for Bundling Effects 
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Figure 8.5 continued 

 
(b) Sensitivity of MOT ratio to Same Corridor Indicator 

8.5  Chapter Summary 

This chapter identified and quantified the impact of project bundling and other factors on the 

maintenance of traffic (MOT) cost which is a major component of the total project cost. The 

analysis in this chapter were carried out at two levels: (a) at the work-category level, a uniform 

model was developed for all the project types in the same work category; and (b) at the project-

level, a specific model was developed for each project type. 

This chapter first used average cost approach to compare, for each work category and for 

each project type respectively, the average MOT cost ratio (MOT cost/ total Project Award) 

between stand-alone (unbundled) projects and bundled projects. Based on the comparison results, 

the bundled projects have generally lower MOT cost ratio for Road, Small-structures and 

Miscellaneous work at the work category level. Regarding the project-type level comparison, the 

MOT costs can be reduced more or less through project bundling for most project types analyzed. 

The average cost approach however is not very reliable due to the economies of scale and the large 

variation in site conditions across different project locations. To control the variation incurred by 

the location, a corridor analysis on seven major roads was carried out to compare the average MOT 

cost ratio between past stand-alone and bundled projects along the same corridor. 

To account for the effects of other possibly influential factors, deterministic regression 

models and probabilistic ordinal logit models were developed for the MOT cost and MOT ratio 
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level at work category and project type levels, respectively. The explanatory variables considered 

in both the deterministic and probabilistic models include project overall cost (project award), 

bundle size (the number of bundled projects in a contract), bundling spatial proximity (if projects 

are bundled in the same corridor), road functional class (Interstate or Non-Interstate, Urban or 

Rural), traffic volume (ADT) and weather condition (if the project starts in winter). Marginal 

effects analysis and sensitivity analysis were both carried out to simulate and quantify how the 

MOT cost and MOT cost ratio changes as a particular variable changes based on the developed 

regression models. The results between the deterministic model and the probabilistic model were 

compared with each other, it was found that when the sample size is sufficiently large, the results 

of using the two modeling approaches are mostly consistent with each other in terms of the 

significance test of a variable and the direction of its influence on the MOT cost ratio. 

It was found, according to the regression model results, that Bridge project types B1, B4, 

B6, Road project types R1, R2, R3, R4, R7, R10, R11, Traffic project types T2 and Small-

structures project types S1, S2 can enjoy the benefits of bundling in terms of MOT cost savings. 

And in the ordinal logit model, such economies of bundling was found for more project types 

including Bridge project types B1, B4, B6, B7, B8, all the Road project types, Traffic project types 

T2, T3, T5, Small-structures project types S1, S2 and Miscellaneous project type M2. 
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 IMPACT OF BUNDLING ON PROJECT DURATION 

This chapter focuses on the impact of bundling on project duration (from the start of construction 

to the completion of a project) and contract duration (from the time of notice to proceed a contract 

to the last day of contract work). To account for the large variation and uncertainties involved 

during the highway project construction period, a probabilistic method (survivor analysis) was 

adopted in this chapter. This technique models the rate or time taken for an event to occur and 

often involves the development of hazard functions. Several different survival analysis methods 

were used in this dissertation for the duration data, and the results were compared. 

A widely-known non-parametric technique, the Kaplan-Meier estimator (Bland and 

Altman, 1998), was first applied to determine, for each project type, the empirical survival 

distribution. A log-rank test was conducted to compare the empirical survival curves of different 

project types, and the projects having statistically similar survival distributions were grouped to 

form larger project groups. The chapter’s second objective is to identify factors that potentially 

affect the project duration and how the strength of each factor varies across the different project 

types. To investigate the effects of these external covariates and, subsequently, to estimate the 

covariate-adjusted hazard function and survival curves, parametric failure-time (or time-to-event) 

models that assume that the underlying survival function follows a certain distribution, were 

established, and the results from the different methods were compared. 

9.1 Methodology 

Figure 9.1 presents an overview of the methodology used in this chapter. First, a non-parametric 

method (the Kaplan Meier Estimator) is used to estimate the empirical survival function for each 

project type. Then the log rank test is applied to establish combined groups of project types, and 

again estimate empirical survival functions for each combined group of projects. This is followed 

by the use of parametric methods (Weibull, Exponential, Log-Normal, log-logistic, Gompertz) to 

develop the parametric duration models. The best parametric model in each work category is 

selected using an appropriate statistical method. Then, a numerical example is presented to 

demonstrate how the methodology could be applied in practice. This is followed by an analysis of 
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the sensitivity of project duration to the key factors, and finally a discussion of the practicality of 

the developed models for project duration estimation. 

 

Figure 9.1. Overview of the Methodology for Project Duration Modeling 
 

9.1.1 Survival Distribution and Hazard Function 

In the standard setting of a survival analysis, the survival time, or in our case, the project duration 

or contract duration is a continuous random variable T with a cumulative distribution function F(t) 

and probability density function f(t). F(t) is also known as the failure function and gives the 

probability of having an incident before some specified time t. Here, F(t) represents the function 

that estimates the probability of a project being completed before t. Conversely, the survival 

function, S(t), is the probability of the project duration being greater than or equal to some specific 

time t. And 1- S(t) is the completion probability, representing the chance that a project is completed 

before time t. The hazard function h(t) gives the instantaneous potential (hazard rate) per unit time 

for the event (project completion) to occur, given that the event has not occurred up to time t (Labi, 

2014): 

𝐹(𝑡) = 𝑃𝑟(𝑇 ≤ 𝑡) = 1 − 𝑃𝑟(𝑇 > 𝑡) = 1 − 𝑆(𝑡)     Equation 9.1 

𝑓(𝑡) = �0(»)
�»

           Equation 9.2 

𝑆(𝑡) = 𝑃𝑟(𝑇 > 𝑡) = 1 − 𝑃𝑟(𝑇 ≤ 𝑡) = 1 − 𝐹(𝑡)     Equation 9.3 

 

Non-parametric 
Method 

Fully-parametric 
Method 
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     Equation 9.4 

where Pr is the probability; T is random time, t is some specified time; 𝐹(𝑡) is the cumulative 

probability distribution function (failure function); 𝑓(𝑡) is probability density function; 𝑆(𝑡) is the 

survival probability function, and ℎ(𝑡) is the hazard function. 

9.1.2 Non-Parametric Estimation and Log-Rank Test 

The Kaplan–Meier estimator is a non-parametric statistic for estimating the survival function using 

duration data. In this dissertation, this estimator measures the fraction of projects that are 

completed at each observed time t and Equation 9.5 presents the survival function estimated using 

the estimator. 

𝑆5(𝑡) = ∏ �1 − ℎ67 �":»)1» = ∏ Ñ1 − �)
X)
Ò":»)1»          Equation 9.5 

where ℎ" is the hazard rate at time i; 𝑑" is the number of contracts completed at time i, and 𝑛" is 

the total contracts at risk (that is, not yet completed) at time i. 

The log-rank test statistic is the most commonly-used statistical test for comparing the 

survival distributions of two or more groups at each observed event time. In this dissertation, the 

log-rank statistic was used to test the null hypothesis that two or more project types have identical 

survival distributions. For two project types, assume 𝑡° < 𝑡[ <	. . .< t: are the distinct event times 

(times at which any project reaches completion) in either group. For each time 𝑡%, 𝑁[� and 𝑁_� is 

the number of projects in the two groups that have not been completed at the start of period 𝑡%. Let 

𝑂[� and 𝑂_% be observed number of projects completed in the two groups at time j. In Equations 

9.6 and 7, 𝐸[% and 𝑉% represent the expected value and variance, respectively, of the distribution of 

event O.  

𝐸[% =
ï-
�-
𝑁[%          Equation 9.6 

𝑉% =
ï-<

éW-
é-

=<[§
éW-
é-

=��-§ï-�

�-§[
        Equation 9.7 

The log-rank statistic (in Equation 9.8) compares each 𝑂[% to its expectation 𝐸[% under the 

null hypothesis that the two groups have identical survival and hazard functions. The log-rank 

statistic is approximately standard normal under the null hypothesis. It can be concluded that two 
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project types have significantly different survival distributions if  Z > z¶  where z¶  is the 

upper quantile of the standard normal distribution. 

Z =
∑ (ïW-§@W-)	
Ü
-VW

A∑ è-	
Ü
-VW

	~	𝑁(0,1)	under	𝐻°      Equation 9.8 

where: 𝑂[%, under the null hypothesis, has the hypergeometric distribution with expectation 𝐸[% 

and variance 𝑉%; 𝑂%=𝑁[� + 𝑁_�; 𝑁%=𝑁[� + 𝑁_�; 𝑍 is the log-rank statistic. 

The log-rank test can be extended to compare an arbitrary number of project types. For 

K+1 different project types, let 𝑊% denote the vector (𝑂[% − 𝐸[%, … , 𝑂$% − 𝐸$%).  The conditional 

covariance matrix of 𝑊%, 𝑉%, has diagonal elements as defined in Equation 9.7, and off-diagonal 

elements as defined in Equation 9.9.  Also, the log-rank test for k types of projects can be expressed 

as Equation 9.10. This is approximately a Chi-square distribution with k degrees of freedom.  

(𝑉%)"$ 	= 	−
�)-�*-ï-(�-§ï-)

�-
¥(�-§[)

        Equation 9.9 

Q� = 𝑊ð𝑉§[𝑊	~	𝜒$_	under	𝐻°              Equation 9.10 

The null hypothesis (that there is no statistical difference between the survival distributions 

of the compared groups) is rejected if the log-rank statistic Q� > χ�_ (or, equivalently, if a p-value 

is smaller than 0.05 or another specified critical value), whereupon it can be concluded that there 

are statistically significant differences across the survival distributions of the k project types. In 

this dissertation, the project types found to have similar survival distributions using the log-rank 

test were placed into a signle group. The combined project groups were then used as categorical 

variables in the parametric survival regression analysis to account for the effects of different 

project types. 

9.1.3 Parametric Accelerated Failure Time Model 

The non-parametric method is limited in its ability to incorporate the effect of external covariates 

on the survival time.  The proportional hazard (PH) model and the accelerated time-to-event or 

failure-time (AFT) model are two alternative parametric models that relate simultaneously the 

hazard function or survival time to various risk factors (Greene, 2012). The PH model assumes 

that the effect of a risk factor is to multiply the hazard by some constant; the AFT model assumes 

the effect of a covariate is to accelerate or decelerate the duration by some constant. 
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In this dissertation, the time (rather than the hazard) is the main interest. Therefore, the 

accelerated failure time (AFT) or time-to-event framework was chosen to relate the survival time 

(that is, the time needed for project completion) to potential covariates. The AFT models are 

predominantly fully parametric and require a specified probability distribution (such as 

Exponential, Weibull, log-logistic, log-normal, or Gompertz) to mimic the survival probability 

𝑆(𝑡)	or the logarithm of survival time 𝑙𝑜𝑔(𝑇°). For a group of projects with covariates 𝑋, the AFT 

model can be expressed for the survival probability (Equation 9.11) or for the logarithm of survival 

time (Equation 9.12): 

𝑆(𝑡|𝑥) = 𝑆°(𝑡)	𝑒𝑥𝑝{𝛽° + 𝛽𝑋}                  Equation 9.11 

𝑙𝑜𝑔(𝑇) = 𝛽° + 𝛽𝑋 + 𝜎𝜀                  Equation 9.12 

where: 𝑋 is a vector of explanatory variables; 𝛽° = the intercept; 𝛽 = a vector of the regression 

coefficients of interest, σ is a shape parameter, and ε is the random disturbance term.  

The most distinguishing feature between parametric models is the shape of the hazard 

function used to mimic the data (Bradburn, 2003). In the Exponential model, the hazard function 

is assumed to be constant over time; the Weibull and Gompertz distributions are appropriate when 

the hazard increases or decreases non-monotonically. The log-logistic form has a more flexible 

assumption that allows for a non-monotonic hazard function. It is preferable for the hazard to either 

rise to a peak and then decrease or for it to decrease always. The Log-Normal and Generalized 

Gamma models are appropriate when the hazard rises to a peak before decreasing, but they are 

used less common than the log-logistic distribution because they do not have a closed form. The 

Weibull model (including the exponential distribution as a special case) can be parameterized as 

either the AFT or PH model, and it is the only parametric distribution to possess both properties 

(Orbe, 2002). The log-logistic distribution provides the most commonly-used parametric survival 

model, due to its flexibility in exhibiting a non-monotonic hazard function. The log-logistic 

distribution accommodates an AFT model but not a PH model. The hazard function, survival 

function, and survival time for a log-logistic survival model are shown in Equations 9.16 to 9.18. 

ℎ(𝑡) = l�»�ÚW

[|l»�
                    Equation 9.13 

𝑆(𝑡) = [
[|l»�

                    Equation 9.14 

𝑇 = Ñ [
h(»)

− 1Ò
W
� [
lW/�	

= Ñ [
h(»)

− 1Ò
W
� 𝑒𝑥𝑝	(𝛽° + 	𝛽𝑋)       Equation 9.15 
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where: l is the scale factor, l = exp	(𝛽° + 	𝛽𝑋); p, the shape factor = 1 for the exponential model. 

9.2 Kaplan-Meier estimation and log-rank test results 

9.2.1 Project Duration 

Table 9.1 presents the sample size, average project and standard deviation of project duration. The 

Kaplan-Meier method was used to estimate the empirical survival distribution of project duration 

for each project type. The estimated curves are presented in Figure 9.1(a). The plot of the Kaplan–

Meier estimator is a series of declining horizontal steps which approaches the true survival 

function for that population only when the sample size is large enough. For project types whose 

sample size is small (e.g., B5-Bridge Widening), the developed curve is less smooth and has fewer 

horizontal steps compared to those with larger sample size (e.g., B2-Bridge Replacement) as 

shown in Figure 9.1(a). One way to avoid biased estimation due to an insufficient sample is to 

combine similar project types into one group. However, prior to any such aggregation, a question 

that needs to be answered is: is the difference between different project types significant enough 

to preclude their consideration as standalone project types? 

It can be observed that the survival distributions of certain project types are visually close 

to each other. The log-rank test was carried out for these project types, and the group of project 

types that have similar (i.e., no significant difference (statistically) in their survival distributions 

were placed into a single project group. For example, project type B6-Bridge Deck Overlay and 

B8-Misc. Bridge Rehab & Repair have visually similar survival curves in Figure 9.1(a), the log 

rank test for the two projects (a log-rank statistics of 0.003 with a p-value of 0.954 much greater 

than 0.05) indicate that, with 95% confidence, there is no significant difference between the two 

project types in terms of their survival probabilities. The two project types were therefore placed 

into a single project group (BC3). The results of the log-rank test and combined project categories 

are presented in Table 9.1. 

  



203 
 

Table 9.1 Average Project Duration and Log-Rank Test Results 

Work 
Category 

Project Type 
Nr of 

Contracts 

Avg. 
Project 

Duration 
(Days) 

S.E. 
Project 
Group 

Log-rank 
Test: Test-

Statistics (p-
value) 

Bridge 

B1-New Bridge 69 380 209 BC 1 - 
B2-Bridge Replacement 253 306 172 

BC 2 4.776 (0.189) 
B3-Superstructure Replacement 38 307 336 
B4-Deck Replacement 57 294 150 
B5-Bridge Widening 20 256 144 
B6-Bridge Deck Overlay 185 152 110 

BC3 0.003 (0.954) 
B8-Misc. Bridge Rehab & Repair 279 151 131 
B7-Thin Deck Overlay 54 103 60 BC4 - 

Road 

R1-New Road Construction 118 672 382 RC1 - 
R2-Added Travel Lanes 97 551 366 

RC2 4.960 (0.084) R5-Road Rehabilitation  200 454 244 
R12-Interchange Work 32 458 268 
R7-Sight Distance Correction 27 294 242 

RC3 3.920 (0.141) R10-Pavement Replacement 163 305 259 
R11-Intersection Improvement 218 254 165 
R3-Patch & Rehab Pavement 112 118 112 

RC4 0.730 (0.393) 
R4-Partial 3 942 127 111 
R6-Wedge & Level Only 36 68 62 

RC5 0.0024 (0.961) 
R9-Pavement, Other 104 79 115 

Traffic 

T1-ITS 27 421 361 
TC1 0.263 (0.877) T5-Guard Rail, Cable Barrier, Wall 97 411 361 

T6-Lighting 38 464 379 
T2-Signing 117 121 92 

TC2 0.671 (0.413) 
T3-Traffic Signals 173 182 202 
T4-Pavement Markings 78 97 85 TC3 - 

Miscellan
eous 

M4-Slide Correction 30 214 189 
MC1 0.883 (0.347) 

M5-Paths, Sidewalks, Curb Ramps 247 241 186 
M1-Demolition 78 94 85 

MC2 2.614 (0.271) M2-Channel and Ditch Work 28 175 281 
M3-Stormwater Improvements 6 165 182 

Small 
Structure 

S2-Small Structure Installation 171 151 120 SC1 - 
S1-Pipe Lining 133 152 478 

SC2 0.3473 (0.556)  S3-Small Str. Maintenance, Repair 34 133 186 
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(a) Bridge Work 

   
(b) Road Work 

 
(c) Traffic Work 

Figure 9.2 Kaplan–Meier Estimation Results for Project Duration: 
Estimated Survival Curves a for Each Project Type and Confidence Intervals for Each Combined 

Project Group 
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Figure 9.2 continued 

   
(d) Miscellaneous Work 

    
(e) Small-structures Work 

9.2.2 Contract Duration 

A similar analysis was carried out for the contract duration. The statistics for contract duration and 

the log-rank test result are presented in Table 9.2. Several differences were found between the 

project grouping for project duration and contract duration. For Bridge work, B6 and B8 have more 

similar distribution of project duration, but for contract duration, B6 and B7 are assigned into the 

same project group. For Road work, R2, R5 and R12 were in the same project group for project 

duration, while R1, R2 and R12 were classified into one group for contract duration. Also, R9 is 

classified into the same project group with R6 for project duration but is classified into the same 
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project group with R3 and R4 for the contract duration. The grouping results are mostly consistent 

between the grouping results of project duration and contract duration for other project types. 

 

Table 9.2 Average Contract Duration and Log-Rank Test Results 

Work 
Category Project Type 

Nr of 
Contracts 

Avg. 
Contract 
Duration 

(Days) 

S.E. 
Project 
Group 

Log-rank 
Test: Test-

Statistics (p-
value) 

Bridge 

B1-New Bridge 69 556 316 BC1 - 
B2-Bridge Replacement 253 457 286 

BC2 3.2.7 (0.359) 
 

B3-Superstructure Replacement 38 446 342 
B4-Deck Replacement 57 415 211 
B5-Bridge Widening 20 387 185 
B6-Bridge Deck Overlay 185 280 156 

BC3 0.640 (0.424) 
B7-Thin Deck Overlay 54 264 110 
B8-Misc. Bridge Rehab & Repair 279 242 177 BC4 - 

Road 

R1-New Road Construction 118 935 537 
RC1 3.119 (0.210) R2-Added Travel Lanes 97 802 563 

R12-Interchange Work  32 818 511 
R5-Road Rehabilitation 200 577 294 RC2 - 
R7-Sight Distance Correction 27 456 463 

RC3 2.542 (0.281) R10-Pavement Replacement 163 426 307 
R11-Intersection Improvement 218 421 245 
R3-Patch & Rehab Pavement 112 223 143 

RC4 14. R4-Partial 3 942 238 155 
R9-Pavement, Other 104 188 163 
R6-Wedge & Level Only 36 115 47 RC5 - 

Traffic 

T1-ITS 27 571 412 
TC1 1.387 (0.499) T5-Guard Rail, Cable Barrier, Wall 97 517 395 

T6-Lighting 38 542 355 
T2-Signing 117 253 111 

TC2 0.264 (0.607) 
T3-Traffic Signals 173 280 218 
T4-Pavement Markings 78 185 113 TC3 - 

Miscellan
eous 

M4-Slide Correction 30 342 253 
MC1 0.416 (0.519) 

M5- Paths, Sidewalks, Curb Ramps 247 357 231 
M1-Demolition 78 140 118 

MC2 2.733 (0.255) M2-Channel and Ditch Work 28 229 317 
M3-Stormwater Improvements 6 239 201 

Small-
structure 

S2-Small Structure Installation 171 287 171 
SC1 0.147 (0.702) 

S1-Pipe Lining 133 199 101 
S3-Small Str. Maintenance & 
Repair 34 205 147 SC2 - 
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(a) Bridge Work 

     
(b) Road Work 

   
(c) Traffic Work 

Figure 9.3 Kaplan–Meier Estimation Results for Contract Duration: Estimated Survival Curves 
and Confidence Intervals for Each Project Type and Combined Project Group 
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Figure 9.3 continued 

   
(d) Miscellaneous Work 

  
(e) Small-structures Work 

9.3 Survival Regression Results 

The second part of this chapter establishes a parametric model that investigates the effects of 

potential influential variables on project duration by incorporating them into the development of 

the hazard function or survival distribution. Table 9.3 summarizes the variables considered in this 

analysis: these variables are available at the letting phase. The project type and contract award are 

probably the most important factors determining the duration of a project: project type that 

involves more complex work and contract with a higher price are expected to have a longer 

project/contract duration. To account for these effects, a separate model was developed for each 

work category (Bridge, Road, Traffic and other work). The project group (a family of project types 

with similar survival functions) determined in previous analysis, was treated as a categorical 
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variable and the contract award amount was considered as a continuous variable. The effect of 

bundling (combining multiple projects of similar or different work types into a single contract) is 

considered in the model using bundle size (number of projects in a bundle) and bundle 

complexity (number of different work categories in a bundle). When projects are bundled, the 

work type of the contract is recorded in the data as the “Lead” Project (the main project in a contract 

that contributes most of the total contract cost). The road functional class is another indicator 

frequently used by highway agencies to outline financial planning, district responsibility, design 

regulations, and needs for asset improvement (Indiana Department of Transportation, 2007). In 

this chapter, we considered the effects of functional class by considering whether the project is 

conducted on Interstate vs. non-Interstate road, and urban vs. rural road. The actual letting season 

of a project might also have some impact on the project duration. In our analysis, the projects were 

divided into groups of three letting seasons (summer, winter and “other”) using the two indicators: 

Start in Winter and Start in Summer. In addition, the work designer (in-house vs. consultant), type 

of contractor (small contractors, large contractors, new contractors and experienced contractors) 

were also considered in the model development. 

Table 9.3 Variables Considered in Model Development 

Category Key 
Variables Description of Variables 

Response 
Variable 

Project 
Duration Time (days) from the start of project to the project completion date. 

Project Type 
and Contract 
Cost (Award) 

Work Group Work group of the lead project in a contract (including Bridge, Road, 
Traffic, Miscellaneous and Small Structure). 

Project Type Work type of the lead project in a contract (Listed in Table 1). 

Project group 
Group of project types with similar survival distributions (Defined in 
Table 9.1 for project duration model and Table 9.2 for contract 
duration model). 

Contract 
Award Award amount of the contract. 

Project 
Bundling 

Bundle Size NBP: Number of projects bundled in a contract. 

Bundle 
Complexity 

Nr Diff. Work Cate.: The number of different work categories in a 
contract bundle. 
ASF: Average similarity between bundled projects in a contract. 

Spatial 
Proximity 

Same Corridor Indicator: 1 If all projects are bundled along the same 
corridor, 0 otherwise 
Same County Indicator: 1 If all projects are bundled within the same 
county, 0 otherwise 

Functional 
Class Interstate  1 if the lead project of the contract was an Interstate project, 0 if it was 

a Non-Interstate project. 
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Table 9.3 continued 

Functional 
Class 

Urban  1 if the lead project of the contract was an Urban project, 0 if it was a 
Rural project. 

Local 1 if the lead project of the contract was a Local project, 0 if it was a 
State project. 

Letting 
Season 

Start in 
Winter 1 if the project was let between November and January, 0 otherwise. 

Start in 
Summer 1 if the project was let between June and September, 0 otherwise. 

Contractor 
Type 

Small 
Contractor 

1 if the project was done by contractor that have on average less than 
5 contracts per year, 0 otherwise. 

Large 
Contractor 

1 if the work was done by contractor that have on average more than 
50 contracts per year, 0 otherwise. 

New 
Contractor 

1 if the work was done by contractor that have completed cumulatively 
less than 20 contracts during the past 10 years, 0 otherwise. 

Experienced 
Contractor 

1 if the work was done by contractor that have completed cumulatively 
more than 500 contracts during the past 10 years, 0 otherwise. 

 

Based on the variables listed in Table 9.3, parametric AFT models were developed. To 

statistically determine the appropriate model form for the parametric model, different distributions 

were used to fit the data. Tables 9.4 compares the goodness of fit, in terms of AIC, for the four 

parametric models (Exponential, Weibull, log-logistic and log-normal) for Bridge, Road, Traffic, 

Miscellaneous and Small-structures work categories, respectively. It was noticed that the 

Loglogistic model was found to provide superior fit to the data for the project duration of most 

work (except for Traffic work). For the contract duration data, Loglogistic distribution provides 

better model fit for Road and Miscellaneous work, and Lognormal model provides better fit for 

Bridge, Traffic and Small-structures work. 

 

Table 9.4 Model Comparison based on AIC 

Family Model 
Work Group  

Bridge Road Traffic Miscell-
aneous 

Small-
structures 

Project 
Duration 

Exponential 11879 24594 6254 4720 3901 
Weibull 11217  24247 6084 4571 3774 

Log-logistic 11133 23870 6258 4517 3736 
Log-Normal 11163 23906 6097 4520 3740 

Contract 
Duration 

Exponential 12759 26931 6918 5104 4348 
Weibull 11957 25610 6654 4868 4105 

Log-logistic 11905 25301 6564 4803 4059 
Log-Normal 11892 25352 6562 4803 4051 
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9.3.1 Project Duration Model Results 

Of the several models representing various distributions, only the model found to provide the best 

fit to the data is presented. Table 9.5 presents the AFT model estimation results for the project 

duration data. In the AFT framework, the exponential of the estimated coefficient is called 

accelerated factor (AF), which measures, for each variable, the increased survival time (project 

duration) associated with an increase in the value of that variable. For example, the exponential of 

a positive coefficient, such as contract award, is AF = exp(0.512) = 1.669 for bridge project 

duration. This means that the project duration is about 1.669 times as long (or 66.9% longer) when 

the ln(Contract Award) increases by one while keeping all the other variables unchanged. 

Conversely, the exponential of a negative coefficient, such as NBP indicator, is 0.986 for the Road 

project duration. The interpretation is that the project duration reduces about 1.4% by adding one 

more project in the bundle. Generally, a coefficient greater than zero (or, equivalently, an exponent 

parameter greater than 1.0) means that higher values of the explanatory variable are associated 

with increased project duration, and vice versa.  

The AFT model can be used to predict directly the expected duration time (which is of 

primary interest in this paper) for a certain probability S(t). To illustrate the application of the 

developed AFT model, consider a $5-million new stand-alone bridge project on a rural, Interstate 

highway, start of construction in the Spring season. A 50% probability is the most commonly-used 

measure for the expected duration in survival analysis, because it represents the time by which half 

of the projects are completed. This is called the median duration. Regarding Bridge work, of the 

five parametric models that were developed, the Loglogistic distribution was found to provide the 

best fit. Therefore, for this example project, Equation 9.15 was used to estimate the median 

duration (334 days): 

𝛽° + 	𝛽𝑋 = −1.996 + 0.466(1) + 0.512�𝑙𝑛(5,000,000)� − 0.022(1) + 0.001	(1)_ − 0.185(1) −

0.141(0) + 0.349(0) − 0.188(0) + 0.103(0) = 5.464       Equation 9.16 

𝑇 = Ñ [
h(»)

− 1Ò
W
� ∗ 𝑒𝑥 𝑝(𝛽° + 	𝛽𝑋) = Ñ [

°.ä
− 1Ò

°._²_
∗ 𝑒𝑥𝑝(5.464) = 236	𝑑𝑎𝑦𝑠  Equation 9.17 

 

According to the estimation results in Table 9.5, Project Group and Contract Cost were 

found to be the most significant variables across all the project types. Larger-size projects are 
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associated with longer project duration albeit in a non-linear decreasing manner. Projects in the 

first group (project group 1) are major construction work (such as B1-New Bridge, R1- New Road 

Construction), which have much longer project duration than other project types. In addition, those 

in the last group are mostly minor work (such as B7-Thin Deck Overlay) have shorter duration 

compared to project types in the other groups. 

The bundling-related variables considered in the duration modeling include bundle size 

(number of bundled projects), bundle complexity (number of different work categories and ASF 

in a contract) and spatial proximity (if projects are bundled along the same corridor). Increasing 

bundle size was found to reduce project duration for all the Road, Traffic and Miscellaneous work. 

For Bridge and Small-structures work, project duration decreases as more projects are bundled and 

starts increasing after a certain bundle size. However, increasing bundle complexity might 

increases project duration for Road and Traffic work. For Road work, higher project similarity 

(less complex contract) leads to shorter project duration.  For Traffic work, contracts containing 

projects from more different work categories have longer project durations. In terms of the spatial 

proximity, it was found that contracts with projects all bundled along the same corridor and within 

the same county are associated with shorter project duration, for Traffic and Small-structures work. 

This is because resources, construction materials, and maintenance of traffic work can be shared 

and coordinated more easily if all projects in the contract are located on the same road. However, 

for Road work, the Same Corridor variable, when equal to 1, indicates a longer road project 

duration. This might because, for road construction projects, it is not possible to close the entire 

road. Therefore, when many projects are bundled along the same road and only a small section of 

the road can be closed for construction at a same time, it takes longer time to finish all the projects. 

If projects are bundled at different locations, more work can be done simultaneously, which results 

in a lower project duration of the bundled contract. 

Also, projects generally have shorter duration if they are Interstate projects compared with 

their non-interstate counterparts for Bridge, Road and Traffic work. This can be explained by the 

higher priority assigned to Interstate and urban locations for Bridge work. For urban Indicator, the 

effects are different between different work categories. Local projects, on the other hand, were 

found to have longer durations compared to state projects, for Bridge, Road and Miscellaneous 

work. Projects on urban road were found to have longer duration for Road work but shorter 

duration for Bridge work. In addition, projects that start construction work in Winter have longer 
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project duration and those that start in Summer have shorter project duration compared to projects 

starting in other seasons.  

Table 9.5 Estimation Results for Project Duration Model 

Variables Estimate AF Std. Error z-value p-value 
(a) Bridge Work (Loglogistic) 

N = 954; -2*(L(0)-L(β)) = 994; AIC = 11133 
(Intercept) -1.996 - 0.250 -7.98 1.40E-15 
Bridge Project Group 1 0.466 1.593 0.095 4.89 1.00E-06 
Bridge Project Group 2 0.347 1.414 0.077 4.47 7.70E-06 
Bridge Project Group 3 0.142 1.153 0.072 1.97 0.049 
ln(Contract Cost) 0.512 1.669 0.019 27.42 < 2e-16 
NBP -0.022 0.978 0.014 -1.57 0.116 
NBP2 0.001 1.001 0.001 1.96 0.049 
Interstate -0.185 0.831 0.046 -4.07 4.80E-05 
Urban -0.141 0.868 0.036 -3.97 7.30E-05 
Local 0.349 1.417 0.041 8.59 < 2e-16 
Start In Summer -0.188 0.828 0.035 -5.36 8.50E-08 
Start In Winter 0.103 1.108 0.059 1.75 0.08 
Log(scale) -1.268 0.282 0.027 -46.95 < 2e-16 

(b) Road work (Loglogistic) 
N = 2035; -2*(L(0)-L(β)) = 2336; AIC = 23870; 

(Intercept) -0.917 - 0.246 -3.73 0.00019 
Road Project Group 1 0.927 2.528 0.084 11.08 < 2e-16 
Road Project Group 2 0.852 2.344 0.072 11.87 < 2e-16 
Road Project Group 3 0.619 1.857 0.066 9.37 < 2e-16 
Road Project Group 4 0.152 1.164 0.059 2.58 0.00982 
ln(Contract Cost) 0.427 1.532 0.013 32.31 < 2e-16 
NBP -0.014 0.986 0.010 -1.44 0.14857 
ASF -0.555 0.574 0.140 -3.97 7.30E-05 
Same Corridor 0.084 1.087 0.047 1.77 0.077 
Interstate -0.099 0.906 0.045 -2.19 0.02874 
Urban 0.123 1.130 0.027 4.55 5.30E-06 
Start In Summer -0.143 0.867 0.028 -5.09 3.60E-07 
Start In Winter 0.249 1.283 0.060 4.13 3.60E-05 
Log(scale) -1.094 0.335 0.018 -59.24 < 2e-16 

(c) Traffic Work (Weibull) 
N = 511; -2*(L(0)-L(β)) = 255; AIC = 6084; 

(Intercept) 1.319 - 0.438 3.01 0.00261 
Traffic Project Group 1 1.145 3.141 0.120 9.58 < 2e-16 
Traffic Project Group 2 0.626 1.870 0.107 5.86 4.70E-09 
ln(Contract Award) 0.272 1.312 0.035 7.78 7.30E-15 
NBP 0.211 1.235 0.121 1.75 0.07945 
NBP2 -0.024 0.976 0.015 -1.62 0.1042 
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Table 9.5 continued 

Same County -0.319 0.727 0.093 -3.43 0.00061 
Interstate -0.296 0.744 0.115 -2.56 0.01042 
Urban -0.227 0.797 0.082 -2.78 0.00543 
New Contractor -0.287 0.751 0.140 -2.05 0.04016 
Log(scale) -0.297 0.743 0.031 -9.43 < 2e-16 

(d) Miscellaneous Work (Loglogistic) 
N = 387; -2*(L(0)-L(β)) = 355; AIC = 4517; 

(Intercept) -1.550 - 0.381 -4.07 4.80E-05 
Miscel. Project Group 2 -0.008 0.992 0.117 -0.07 0.94335 
ln(Contract Cost) 0.508 1.662 0.028 18.24 < 2e-16 
NBP -0.059 0.943 0.037 -1.58 0.11297 
Local 0.250 1.283 0.103 2.42 0.01549 
Start In Summer -0.250 0.779 0.068 -3.69 0.00023 
Start In Winter 0.084 1.088 0.106 0.8 0.42387 
Log(scale) -1.081 0.339 0.043 -25.4 < 2e-16 

(e) Small-structures Work (Loglogistic) 
N = 336; -2*(L(0)-L(β)) = 157; AIC = 3736; 

(Intercept) 0.106 - 0.633 0.17 0.866 
SS Project Group 2 -0.097 0.907 0.076 -1.29 0.198 
ln(Contract Cost) 0.426 1.530 0.044 9.6 < 2e-16 
NBP -0.074 0.929 0.037 -1.97 0.049 
NBP2 0.003 1.003 0.001 1.87 0.062 
Same Corridor -0.307 0.735 0.143 -2.14 0.032 
Same County -0.397 0.672 0.270 -1.47 0.141 
Start In Summer -0.390 0.677 0.072 -5.44 5.30E-08 
Start In Winter 0.389 1.476 0.099 3.91 9.10E-05 
Log(scale) -1.061 0.346 0.046 -23.25 < 2e-16 

AF: Accelerated Factor, AF = exp(βb) 

9.3.2 Contract Duration Model Results 

Table 9.6 presents the AFT model results for the contract duration. For the contract duration 

models, the classification of project group used were defined in Table 9.2 based on the log-rank 

test for contract duration data. The variables found to be significant and the estimation results are 

mostly consistent with the model results of project duration. In terms of the bundling effects, the 

contract duration was found to decrease first and then increases with increasing bundle size for 

Bridge work. For Road work, the duration increases first and then decrease for Bridge work. For 

Small-structures work, bundling always leads to longer contract duration. In terms of bundle 

complexity, increasing number of different work categories in a contract bundle increases contract 
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duration for Bridge work and increasing project similarity leads to shorter duration for Road work. 

In terms of spatial proximity, the contract durations of Bridge and Traffic contracts are longer if 

all projects are bundled along the same corridor but shorter if projects are bundled within the same 

county. The other variables that are significant to contract duration include the road functional 

class and construction season. In addition, the type of contractor was found to be more influential 

to the contract duration than to the project duration. It was found, contracts conducted by new 

contractor, small contractor or experienced contractor are in general associated with shorter 

contract duration.  

 

Table 9.6 Estimation Results for Contract Duration Model 

Variables Estimate AF Std. 
Error 

z-value p-value 

(a) Bridge Work (Lognormal) 
N = 946; -2*(L(0)-L(β)) = 675; AIC = 11892 

(Intercept) 0.275 - 0.227 1.21 0.22598 
Bridge Project Group 1 0.345 1.412 0.069 5.02 5.20E-07 
Bridge Project Group 2 0.220 1.246 0.044 4.94 7.70E-07 
Bridge Project Group 3 0.116 1.123 0.044 2.66 0.00785 
ln(Contract Cost) 0.383 1.466 0.018 21.14 < 2e-16 
NBP -0.022 0.978 0.014 -1.54 0.12452 
NBP2 0.001 1.001 0.001 1.84 0.06639 
Nr Diff. Work Cate. 0.080 1.083 0.048 1.66 0.09733 
Urban -0.051 0.950 0.034 -1.51 0.13172 
Local 0.146 1.157 0.039 3.76 0.00017 
Start In Summer -0.046 0.955 0.032 -1.42 0.15485 
New Contractor -0.251 0.778 0.075 -3.33 0.00087 
Experienced Contractor -0.075 0.928 0.040 -1.89 0.05926 
Log(scale) -0.777 0.460 0.023 -33.81 < 2e-16 

(b) Road work (Loglogistic) 
N = 2008; -2*(L(0)-L(β)) = 1738; AIC = 25301; 

(Intercept) 1.492 - 0.228 6.53 6.50E-11 
Road Project Group 1 0.853 2.346 0.088 9.65 < 2e-16 
Road Project Group 2 0.869 2.385 0.088 9.9 < 2e-16 
Road Project Group 3 0.687 1.987 0.083 8.26 < 2e-16 
Road Project Group 4 0.388 1.474 0.079 4.93 8.40E-07 
ln(Contract Award) 0.283 1.327 0.011 26.67 < 2e-16 
NBP 0.046 1.047 0.021 2.16 0.03062 
NBP2 -0.003 0.997 0.002 -1.66 0.09786 
ASF -0.449 0.638 0.130 -3.45 0.00055 
Same Corridor 0.092 1.096 0.042 2.18 0.0293 
Same County -0.126 0.881 0.073 -1.74 0.08223 
Interstate -0.058 0.944 0.038 -1.53 0.12491 
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Table 9.6 continued 

Urban 0.159 1.173 0.022 7.13 1.00E-12 
Small Contractor -0.065 0.937 0.045 -1.45 0.14771 
Experienced Contractor -0.061 0.941 0.024 -2.58 0.01 
Log(scale) -1.280 0.278 0.019 -68.89 < 2e-16 

(c) Traffic Work (Lognormal) 
N = 519; -2*(L(0)-L(β)) = 261; AIC = 6562; 

(Intercept) 1.499 - 0.349 4.3 1.70E-05 
Traffic Project Group 1 0.800 2.226 0.086 9.28 < 2e-16 
Traffic Project Group 2 0.545 1.724 0.079 6.89 5.50E-12 
ln(Contract Award) 0.288 1.334 0.024 11.8 < 2e-16 
Same Corridor 0.187 1.206 0.110 1.69 0.0904 
Same County -0.323 0.724 0.063 -5.14 2.80E-07 
Interstate -0.146 0.864 0.081 -1.79 0.0729 
Urban -0.086 0.918 0.055 -1.55 0.1204 
Small Contractor -0.186 0.830 0.070 -2.67 0.0075 
Log(scale) -0.621 0.538 0.031 -20 < 2e-16 

(d) Miscellaneous Work (Loglogistic) 
N = 389; -2*(L(0)-L(β)) = 381; AIC = 4803; 

(Intercept) 0.619 - 0.321 1.93 0.05409 
Miscel. Project Group 2 -0.361 0.697 0.108 -3.35 0.0008 
ln(Contract Award) 0.382 1.465 0.023 16.39 < 2e-16 
Interstate 0.190 1.209 0.114 1.67 0.09524 
Urban 0.082 1.085 0.057 1.44 0.15083 
Local 0.124 1.132 0.095 1.31 0.19031 
Start In Summer -0.202 0.817 0.058 -3.49 0.00048 
Start In Winter 0.151 1.163 0.091 1.67 0.09514 
Small Contractor -0.280 0.756 0.072 -3.89 0.0001 
Log(scale) -1.252 0.286 0.042 -29.68 < 2e-16 

(e) Small-structures Work (Lognormal) 
N = 336; -2*(L(0)-L(β)) = 126; AIC = 4051; 

(Intercept) 2.127 - 0.450 4.73 2.30E-06 
SS. Project Group 2 -0.225 0.799 0.059 -3.84 0.00012 
ln(Contract Award) 0.261 1.299 0.035 7.48 7.30E-14 
ln(NBP) 0.096 1.101 0.055 1.75 0.07999 
Start In Summer -0.112 0.894 0.056 -1.99 0.04611 
Start In Winter 0.154 1.167 0.079 1.96 0.05054 
New Contractor -0.293 0.746 0.115 -2.55 0.01077 
Log(scale) -0.752 0.471 0.039 -19.5 < 2e-16 

AF: Accelerated Factor, AF = exp(βb) 
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9.4 Sensitivity of Project/Contract Duration to the Bundling Effects 

Sensitivity analyses were carried out to evaluate the impact of bundle size on project and contract 

duration, respectively. Figure 9.4(a) presents the estimated survival curves (the probability that a 

project is still not completed after a certain amount of time after the start of construction) for 

different bundle sizes. It was found that the project duration is more sensitive to bundle size for 

Traffic, Miscellaneous and Small-structures work and less sensitive for Bridge and Road work. 

For Road and Miscellaneous work, all other factors remaining the same, the probability of a project 

not being completed after certain amount of time after construction increases as bundle size 

increases, indicating a longer project duration. For Bridge work, bundling projects into medium-

size bundles (5-10 projects) can reduce the project duration, however, bundling projects into a 

larger bundle (20 projects) will likely lead to a longer project duration, comparing to stand-alone 

and small bundle. An opposite relationship was found for Traffic work. For Small-structures, 

project duration reduces as the bundle size increases, but it was seen the curves for bundle size 10 

and bundle size 20 are not very different and this is because the duration starts increasing after 

bundle size is greater than 15.  

Figure 9.4(b) presents, for each work category, the estimated median project duration, 

project duration at 5% and 95% completion probabilities. For example, when the bundle size is 1, 

the median duration is around 220 days, indicating there is a 50% probability that the project will 

be completed within 220 days since construction; the 5% duration is around 100 days, which means 

with a 5% probability, the project will be completed in less than 100 days; the 95% duration is 

around 600 days, indicating that there is a 5% chance that the project duration exceeds 600 days. 

Therefore, the two curves at 5% and 95% competition probabilities provide a 90% confidence 

interval for estimated project duration, which means there is 90% probability that the project will 

be completed within this time interval. In addition, the bundle size thresholds were found for 

Bridge, Traffic and Small-structures work to be 8, 4 and 15, respectively. 
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 (a) Survival Curves of Project Duration with Different Bundle Size 

 

 
(b) Predicted Project Durations at 5%, 50% and 95% Completion Probabilities 

 
Figure 9.4 Sensitivity Analysis of Project Duration to Bundle Size 
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The same sensitivity analysis was carried out for the developed contract duration models. 

The effects of increasing bundle size on contract duration are significantly only for Bridge, Road 

and Small-structures work. The bundling effects were found to be more significant for Road and 

Small-structures work than Bridge work. Also, the bundle size thresholds were found for Bridge 

and Road work to be 10 and 8, respectively. 

 
(a) Survival Curves of Contract Duration with Different Bundle Size 

 

 
(b) Predicted Contract Durations at 5%, 50% and 95% Completion Probabilities 

Figure 9.5 Sensitivity Analysis of Contract Duration to Bundle Size 

9.5 Chapter Summary 

Making reliable predictions of project duration and understanding the factors that affect the 

duration is crucial for all stakeholders of the infrastructure development process. This chapter 

presented the use of hazard-based duration models to investigate the potential sources of risk 

factors (including project bundling) and their impacts on project duration. Separate duration 

8 

10 
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models were developed for each work category (Bridge, Road, Traffic, Small-structures and 

Miscellaneous work). Methods ranging from nonparametric to parametric were used in this chapter 

for the survival analysis. The non-parametric model provides the empirical survival distribution 

for each project type, and can be used to estimate the final duration of a project given that only the 

project type is known and information on other variables are unavailable. Parametric models were 

then developed based on variables known at the letting phase including the actual contract award, 

project details and contractor information. The fully-parametric accelerated failure time (AFT) 

model was developed, which assumes that the underlying hazard function follows a certain 

distribution and facilitates a more direct interpretation of project duration. Of the four model forms 

used in this chapter for the fully parametric modeling (exponential, Weibull, log-logistic and log-

normal), the log-logistic and lognormal distributions offer superior fit for most work categories to 

both project duration and contract duration data. 

Consistent with the results of past studies, the contract cost and project type were found to 

be the most significant factors of both project duration and contract duration: all other factors 

remaining the same, projects in higher-level project group (e.g., new bridge or new road projects) 

generally have loner project/contract durations; also, all other factors remaining the same, larger 

projects (in terms of contract award amounts) are associated with longer duration. The impact of 

project bundling on project/contract duration which has been discussed or at least speculated in 

past research but rarely evaluated quantitively. This chapter analyzed the bundling effect in terms 

of the bundle size (number of bundled projects), bundle complexity (measured by the number of 

different work categories and the average similarity for a contract), and spatial proximity (if 

projects are bundled along the same corridor and if projects are bundled within the same county). 

The bundling effects were evaluated for different work categories through sensitivity analysis. 

Regarding certain work types, the letting season and road functional classification were found to 

be influential factors of both project and contract duration. In general, projects started in summer 

were found to be associated with shorter durations while those started in winter take more time. In 

addition, “small” contractors that have fewer on-going contracts per year and “experienced” 

contractors that have extensive past project experience were found to exhibit superior time 

performance compared to those in between these extremes. 
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 IMPACT OF BUNDLING ON THE RISK OF PROJECT 
COST AND TIME OVERRUNS 

Cost overrun and time overrun are critical measures for contract performance of highway projects. 

In this chapter, statistical models were developed to evaluate the bundling effects on both the 

likelihood and severity of project cost overrun and time delay using probabilistic approaches. 

Binary logit models were first developed to estimate the probabilities that a project experiences 

cost overrun and time overrun, respectively. Ordinal logistic models were then applied to predict 

the levels of cost deviation (cost underrun levels and overrun severities). In addition, parametric 

survival analysis (introduced in Chapter 9) was used to estimate the distributions of schedule delay 

severity for projects that experienced time overrun in the past. 

10.1 Model Formulation and Explanatory Variables 

Binary logit models were developed for the probabilities of project cost overrun and time overrun. 

The model formulation for a binary logit model is presented in Equation 10.1 and 10.2 for cost 

overrun probability and time overrun probability, respectively. 

𝑃(𝐶𝐴" < 𝐶𝐶") =
[
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      Equation 10.1 

P(𝑃𝐷" < 𝐶𝐷") =
[

[|¿l�	(§(·ç|∑ ·-J),-é
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      Equation 10.2 

where 𝐴𝐶" is the contract award amount; 𝐶𝐶" is the contract completion cost;	𝑃𝑇" is the planned 

project duration; 𝐶𝐷"is the actual completion duration of the project;	𝑋",% is the data for the i-th 

observation and the j-th variable; 	𝛽° is the estimated intercept; 𝛽%is the estimated coefficient for 

the j-th explanatory variable; 

The ordinal logistic model (discussed in Section 6.2.2) was used in this Section for 

predicting the probability of a contract having a certain level of cost deviation of its competition 

cost from its award amount. 

𝑙𝑜𝑔𝑖𝑡 Ñ𝑃�𝑌"Í ≤ 𝑗�Ò = 𝑙𝑜𝑔
∑ +*(l)
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= 𝜃% − 𝛽𝑋 − 𝑣Í, 𝑗 = 1,2,3, … 𝐽 − 1  Equation 10.3 

where i represents the i-th contract; 𝜃% is the threshold (cut point for the adjacent levels of the 

response variable) for cost deviation level j;	 
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The accelerated-failure time (AFT) models (with log-logistic distribution) used in Chapter 

9 for project duration modeling is used here for estimating the time overrun severity (delay 

duration) for projects that are not completed before the planned project completion time.  

𝑇 = Ñ [
h(»)

− 1Ò
W
� [
lW/�	

= Ñ [
h(»)

− 1Ò
W
� 𝑒𝑥𝑝	(𝛽° + 	𝛽𝑋)       Equation 10.4 

where: T is the project delay duration, l is the scale factor, l = exp	(𝛽° + 	𝛽𝑋); p is the shape 

factor; S(t) is the survival function. 

The explanatory variables used for the above models are summarized in Table 10.1. These 

variables include contract size value, project types of lead project, bundling-related variables, 

number of bidders, road functional class, seasonal factors and contractor-related variables. 

Table 10.1 Explanatory Variables for Cost/Time Overrun Model 
Category Key Variables Description of Variables 

Response 
Variables 

Cost Overrun 
Probability 

Probability that the cost of a contract exceeds its award 
amount. 

Time Overrun 
Probability 

Probability that a project is delayed beyond its planned 
completion date. 

Cost Deviation 
Levels 

Levels of cost deviation of contract completion cost from 
contract award amount. 

Delay Duration Duration of project delay (days) from the planned competition 
date. 

Contract Size 
and Lead 
Project Type 

Ln(Contract Award) Award amount of the contract with logarithm transformation. 

Lead Project (B1) 1 if the lead project type is B1-New Bridge Construction, 0 
otherwise. 

Lead Project (B6 or 
B7) 

1 if the lead project type is Bridge Overlay work (B6 or B7), 0 
otherwise. 

Lead Project (R1) 1 if the lead project type is R1-New Road Construction 
Lead Project (R3, R4 
or R5) 

1 if the lead project type is Road rehabilitation work (R3, R4 or 
R5) 

Bundling-
related 
Factors 

Bundle Size (NBP) Number of projects bundled in a contract. 
ASF Average similarity between bundled projects in a contract. 

Spatial Proximity 

Same Corridor Indicator: 1 If all projects are bundled along the 
same corridor, 0 otherwise 
Same County Indicator: 1 If all projects are bundled within the 
same county, 0 otherwise 

Functional 
Class and 
Traffic 

Interstate  1 if the lead project of the contract is an Interstate project, 0 if 
it is a Non-Interstate project. 

 Urban  1 if the lead project of the contract is an Urban project, 0 if it 
was a Rural project. 
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Table 10.1 continued 

 Local 1 if the lead project of the contract is a Local project, 0 if it was 
a State project. 

 ADT Average Daily Traffic Volume 

Seasonal 
Factor 

Start in Winter 1 if the project starts between November and January, 0 
otherwise. 

Start in Summer 1 if the project starts between June and September, 0 
otherwise. 

Contractor 
Variables 

Nr of Bidders The number of bidders (contractors) who submitted bid for the 
contract. 

Small Contractor 1 if the project was carried out by contractor that have on 
average less than 5 contracts per year, 0 otherwise. 

Large Contractor 1 if the work was carried out by contractor that have on average 
more than 50 contracts per year, 0 otherwise. 

New Contractor 
1 if the work was carried out by contractor that have completed 
cumulatively less than 20 contracts during the past 10 years, 0 
otherwise. 

Experienced 
Contractor 

1 if the work was carried out by contractor that have completed 
cumulatively more than 500 contracts during the past 10 years, 
0 otherwise. 

10.2 Cost Overrun Model Results 

Cost overrun occurs when the actual contract completion cost exceeds the award amount of the 

contract. Table 10.2(a) presents the number of projects that experienced cost overrun in the past. 

It was found that bridge projects were more likely to experience cost overrun. The cost deviation 

is defined as the percentage difference between the contract award and the completion cost. The 

magnitudes of the cost deviations were classified into five levels <-5%, -5%-0% (cost underrun), 

0%-5%, 5%-10% and >10% (cost overrun). Table 10.2(b) presents the statistics for the cost 

deviation distributions.  

Table 10.2 Statistics for Cost Overrun 
(a) Cost Overrun 

Work Category  
of Lead Project 

Cost Overrun Percentage 
of Cost 
Overrun 

Within 
Planned Cost 

Cost 
Overrun  

Number of Contracts 
Bridge 412 672 62% 
Road 966 1333 58% 
Traffic 241 338 58% 
Miscellaneous 190 263 58% 
Small-structures 174 208 54% 
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Table 10.2 continued 
 

(b) Cost Overrun Severity 
Work Category 
of Lead Project 

Cost Deviation Levels 
Cost Underrun Cost Overrun 
1 2 3 4 5 

Range 
<-5% -5% - 0% 0% - 5% 5% - 10% >10% 

Number of Contracts 
Bridge 81 331 427 124 121 
Road 227 739 696 281 356 
Traffic 51 190 182 43 113 
Miscellaneous 27 163 124 57 82 
Small-structures 22 152 118 35 55 

 

First, the binary logit method was used to model the probability that the project experiences 

a cost overrun. The results are summarized in Table 10.3 for different work categories. Contract 

size (measured in terms of the award amount) was found to be an important factor for all the work 

categories except Small-structures work. (Gkritza and Labi, 2018) It is observed that the cost 

overrun risk increases as contract cost increases at a log scale. This is because larger contract size 

generally increases the frequencies and amounts of change orders, leading to higher chance of both 

time and cost overrun. The likelihood of cost overrun varies across the different project types. For 

Bridge work, cost overrun was less likely to occur on bridge deck overlay work (B6 and B7). For 

Road work, new road construction work (R1) was associated with higher cost overrun risk, while 

road rehabilitation work (R3, R4 and R5) was found less likely to experience cost overrun. 

The effect of a changing bundle size on cost overrun was also found to be significant for 

all the work categories but Small-structures. As more projects are bundled in the contract, the risk 

of cost overrun increases first and then decreases after certain bundle size for Bridge, Road and 

Traffic work. For Miscellaneous work, the cost overrun probability decreases continuously as the 

bundle size increases. In terms of other bundling factors, it was found that increasing project 

similarity in contract bundle decreases the chance of cost overrun for Bridge, Road and Traffic 

work. Projects bundled along the same corridor were less likely to experience cost overrun for all 

the work categories except for Miscellaneous work.  

Another significant factor is the number of bidders involved in the bidding process. A 

larger number of bidders lead to a higher risk of cost overrun. This is expected because when the 
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market competition is intense, contractors tend to lower their bid prices in order to win the project, 

which increases the chance of cost overrun at the construction stage. In addition, Interstate and 

urban projects are generally associated with higher cost overrun risks, and local projects were less 

likely to experience cost overrun. Projects starting in winter were more likely to have cost overrun 

due to severe weather condition and projects staring in summer were associated with lower 

likelihood of cost overrun. 

Table 10.3. Binary Logit Model for Cost Overrun Probability 
Parameters Estimate Std. Error z value Pr(>|z|) 

(a) Bridge (n = 1084; AIC = 1125.9) 
(Intercept) -0.94141 1.977685 -0.476 0.634063 
ln(Contract Award) 0.375762 0.074728 5.028 4.95E-07 
Lead Project (B6 or B7) -0.31762 0.159222 -1.995 0.046063 
NBP -0.2284 0.066421 -3.439 0.000585 
(NBP)2 0.007282 0.00286 2.546 0.010887 
ASF -2.77483 1.48561 -1.868 0.06179 
Same Corridor -0.31345 0.24618 -1.273 0.202924 
Start In Summer -0.44416 0.149974 -2.962 0.003061 

(b) Road (n =2299; AIC = 2909) 
(Intercept) -1.28942 0.896905 -1.438 0.150538 
ln(Contract Award) 0.243845 0.03936 6.195 5.82E-10 
Lead Project (R1) 0.336514 0.247451 1.36 0.173855 
Lead Project (R3, R4 or R5) -0.24201 0.099658 -2.428 0.015168 
NBP -0.17976 0.085222 -2.109 0.034917 
(NBP)2 0.011817 0.006758 1.749 0.08037 
ASF -2.19533 0.592081 -3.708 0.000209 
Nr of Bids 0.157333 0.029607 5.314 1.07E-07 
Interstate 0.261114 0.171955 1.519 0.128887 
Urban 0.402249 0.096819 4.155 3.26E-05 
Local -0.32033 0.109954 -2.913 0.003576 

(c) Traffic (n = 579; AIC = 1664) 
(Intercept) 7.1349 3.40836 2.093 0.03632 
ln(Contract Award) 0.1868 0.08609 2.17 0.03003 
NBP -1.57139 0.56896 -2.762 0.00575 
(NBP)2 0.18214 0.07433 2.45 0.01427 
ASF -6.9327 2.66966 -2.597 0.00941 
Same Corridor -0.89598 0.59078 -1.517 0.12936 
Urban 0.30334 0.19363 1.567 0.11721 
Local -0.2917 0.20949 -1.392 0.16379 
Start In Winter 0.43035 0.24818 1.734 0.08292 

(d) Miscellaneous (n = 453; AIC = 602) 
(Intercept) -1.20276 1.24042 -0.97 0.33223 
ln(Contract Award) 0.20065 0.07618 2.634 0.00844 
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Table 10.3 continued 

NBP -0.32859 0.19466 -1.688 0.09141 
Same Corridor -1.10779 0.71664 -1.546 0.12215 
Urban 0.6166 0.20678 2.982 0.00286 
Interstate 0.60615 0.45898 1.321 0.18661 

(e) Small-structures (n = 382; AIC = 502) 
(Intercept) 0.81047 1.34753 0.601 0.5475 
Average Similarity Factor -1.58511 1.38442 -1.145 0.2522 
Nr of Bids 0.19763 0.04359 4.533 5.80E-06 
Interstate -0.51188 0.3026 -1.692 0.0907 
 

An ordinal logit model was then used to estimate the probability that a project is associated 

with a given level of cost deviation. The estimation results are summarized in Table 10.4 for each 

work category. The results are mostly consistent with the binary model results of cost overrun 

probability: variables leading to higher cost overrun probability also increases the cost overrun 

severity (the probability that a contract is completed at much higher cost than the contract award). 

Table 10.4 Ordinal Logistic Model for Cost Deviation Levels 
Parameters Estimate Std. Error z-value Pr(>|z|) 

(a) Bridge (n = 893; AIC = 2452) 
ln(Contract Award) 0.255517 0.063521 4.023 5.76E-05 
Lead Project (B6 or B7) -0.39475 0.151915 -2.598 0.00936 
NBP -0.23661 0.059126 -4.002 6.28E-05 
(NBP)2 0.006927 0.002244 3.087 0.00202 
ASF -1.97362 1.122004 -1.759 0.07858 
Same Corridor -0.2682 0.205591 -1.305 0.19205 
Nr of Bidders 0.036185 0.029763 1.216 2.24E-01 
Local -0.24667 0.15721 -1.569 0.11663 
Start In Summer -0.29433 0.132169 -2.227 0.02595 

Thresholds 𝜃[ = −1.78 𝜃_ = 0.27 𝜃� = 2.23 𝜃¬ = 3.02 
(b) Road (n = 2299; AIC = 6702) 

ln(Contract Award) 0.13303 0.0331 4.02 5.83E-05 
Lead Project (R1) 0.22748 0.17264 1.318 0.187619 
Lead Project (R3, R4 or R5) -0.21239 0.08453 -2.513 0.011981 
ln(NBP) -0.19251 0.08426 -2.285 0.022327 
ASF -1.93115 0.45079 -4.284 1.84E-05 
Nr of Bidders 0.13576 0.02403 5.651 1.60E-08 
Interstate 0.40532 0.13912 2.913 0.003575 
Urban 0.31506 0.08291 3.8 0.000145 
Local -0.30049 0.09379 -3.204 0.001356 

Thresholds 𝜃[ = −1.90 𝜃_ = 0.08 𝜃� = 1.47 𝜃¬ = 2.25 
(c) Traffic (n = 573; AIC = 1664) 

ln(Contract Award) 0.04335 0.07098 0.611 0.54138 
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Table 10.4 continued 

NBP -0.76021 0.28605 -2.658 0.00787 
(NBP)2 0.07909 0.03549 2.228 0.02586 
ASF -4.7457 1.38646 -3.423 0.00062 
Local -0.4396 0.16315 -2.694 0.00705 
Start In Winter 0.38616 0.20532 1.881 0.06 
Thresholds 𝜃[ = −7.37 𝜃_ = −5.37 𝜃� = −3.97 𝜃¬ = −3.53 

(d) Miscellaneous (n = 573; AIC = 1323) 
ln(Contract Award) 0.13678 0.07408 1.847 0.06482 
NBP -0.25571 0.13795 -1.854 0.0638 
Same Corridor -1.16994 0.58256 -2.008 0.04461 
Interstate 0.57237 0.41676 1.373 0.16963 
Urban 0.52704 0.20273 2.6 0.00933 
Local -0.31606 0.24143 -1.309 0.19049 

Thresholds 𝜃[ = −2.33 𝜃_ = 0.13 𝜃� = 1.32 𝜃¬ = 2.03 
(e) Small-structures (n = 382; AIC= 1046) 

Nr of Bidders 0.17172 0.03545 4.844 1.27E-06 
Interstate -0.45497 0.29129 -1.562 0.118 
Urban 0.31374 0.25476 1.232 0.218 

Thresholds 𝜃[ = −2.03 𝜃_ = 0.69 𝜃� = 2.15 𝜃¬ = 2.78 

10.3 Time Overrun Model Results 

Time overrun occurs when a project is not completed within its originally planned project 

completion date. This section developed models for predicting the time overrun probability and 

the severity. Table 10.4(a) presents the statistics of the past projects that experienced time overrun 

and those that were completed on time. Traffic work was found to have on average, slightly higher 

chances of time overrun compared to the other project types. Further, Small-structures work was 

found to be associated with the lowest likelihood of time overrun. Table 10.5 presents the statistics 

for the time overrun severity (delay duration) for delayed projects. Traffic work was found to have 

much longer delay duration compared to projects in other work categories. 

Table 10.5 Statistics for Time Overrun 
(a) Time Overrun Probability 

Work Category of Lead 
Project 

Time Overrun Percentage of 
Time Overrun On Schedule Time Overrun  

Number of Contracts 
Bridge 703 376 35% 
Road 1318 947 42% 
Traffic 308 256 45% 
Miscellaneous 269 178 40% 
Small-structures 297 85 22% 
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Table 10.5 continued 

(b) Time Overrun Duration 
Work Category  

of Lead Project 
Quantile 

5% 25% 50% 75% 95% 
Time Overrun Duration (Days) 

Bridge 4 15 41 131 365 
Road 3 14 37 113 296 
Traffic 7 25 68 290 730 
Miscellaneous 3 21 37 84 259 
Small-structures 4 20 48 124 294 

 

The binary logit model estimation results for the probability of time overrun is presented 

in Table 10.6. Cost overrun and time overrun are likely to occur simultaneously. Therefore, most 

of the explanatory variables that were found to be significant in the cost overrun probability models 

were also found significant factor in the time overrun model. The time overrun probability 

increases as the contract size (cost) increases for all work categories. For Road and Bridge work, 

new construction work (B1 and R1) was found to have higher chance of time overrun due to higher 

project complexity. In contrast, rehabilitation work (B6, B7, R3, R4 and R5) was found less likely 

to be delayed. 

The increasing bundle size reduces the likelihood of project time overrun until a certain 

bundle size threshold and then increase the time overrun risk for Bridge work. For Road work, the 

time overrun probability increases first and then decrease after certain threshold. For Traffic work, 

increasing bundle size always leads to lower likelihood of project delay. For Small-structures work, 

projects are more likely to be delayed if more projects are bundled. The project similarity was 

found to be significant for Road work and Small-structures work: bundling similar projects reduces 

the likelihood of time overrun. The spatial proximity was found to be significant for Traffic and 

Miscellaneous work: bundling projects within the same county leads to lower chance of delay 

compared to projects bundled across multiple counties. 

In terms of the other influential variables. Interstate and urban projects have higher time 

overrun likelihood for some work, similar to the cost overrun results. Local projects were found to 

have lower likelihood of cost overrun (in the previous Section), but greater likelihood of time 

overrun. In addition, projects conducted by experienced contractors (contractors that haven done 

more than 500 projects for INDOT in the past 10 years) were found to have lower chances of time 

delay for all work categories except for Bridge work.  
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Table 10.6. Binary Logit Model for Project Time Overrun Probability 

Parameters Estimate Std. 
Error 

z-value Pr(>|z|) 

(a) Bridge (n = 1084; AIC = 1064) 
Intercept -7.697 1.12 -6.876 6.17E-12 
ln(Contract Award) 0.508 0.08175 6.214 5.15E-10 
Lead Project (B1) 0.5998 0.3111 1.928 0.053899 
Lead Project (B6 or B7) -0.2803 0.1925 -1.457 0.145238 
NBP -0.1149 0.06842 -1.68 0.092957 
(NBP)2 0.006603 0.0033 2.001 0.045407 
Interstate 0.5421 0.2539 2.135 0.032746 
Local 0.8057 0.2265 3.558 0.000374 
ADT -5.8E-06 3.914E-06 -1.484 0.137778 

(b) Road (n = 2299; AIC = 2833) 
Intercept -0.80028 0.852483 -0.939 0.347854 
ln(Contract Award) 0.130451 0.039877 3.271 0.00107 
Lead Project (R1) 0.654874 0.222493 2.943 0.003247 
Lead Project (R3, R4 or R5) -0.27478 0.101258 -2.714 0.006655 
NBP 0.125169 0.071404 1.753 0.079608 
(NBP)2 -0.01024 0.005028 -2.037 0.041672 
ASF -2.0466 0.525842 -3.892 9.94E-05 
Nr of Bids 0.036843 0.028516 1.292 0.196362 
Interstate 0.604144 0.160454 3.765 0.000166 
Urban 0.508165 0.097296 5.223 1.76E-07 
Local 0.624925 0.110189 5.671 1.42E-08 
Experienced Contractor -0.16776 0.110107 -1.524 0.127607 

(c) Traffic (n = 564; AIC = 737) 
Intercept -5.53207 1.10965 -4.985 6.18E-07 
ln(Contract Award) 0.44629 0.09033 4.941 7.79E-07 
NBP -0.26325 0.12263 -2.147 0.03182 
Same County -0.29993 0.22156 -1.354 0.17583 
Local 0.65655 0.23085 2.844 0.00445 
Small Contractor -0.66272 0.26494 -2.501 0.01237 
Experienced Contractor 0.52949 0.2138 2.477 0.01326 

(d) Miscellaneous (n = 447; AIC = 530) 
Intercept -8.09636 1.3899 -5.825 5.71E-09 
ln(Contract Award) 0.59717 0.09923 6.018 1.77E-09 
Same County -1.24928 0.65485 -1.908 0.0564 
Nr of Bids 0.10502 0.05323 1.973 0.0485 
Local 1.22929 0.29856 4.117 3.83E-05 
Interstate 0.90814 0.54417 1.669 0.0951 
Experienced Contractor -0.41438 0.22469 -1.844 0.0651 

(e) Small-structures (n = 361; AIC = 378)   
Intercept -7.545 2.233 -3.379 0.000727 
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Table 10.6 continued 

ln(Contract Award) 0.4488 0.1746 2.571 0.010155 
NBP 0.1131 0.06483 1.745 0.080999 
ASF -4.413 2.214 -1.993 0.046233 
Nr of Bids 0.06909 0.04895 1.411 0.158109 
ADT 9.739E-06 5.97E-06 1.631 0.102797 
Experienced Contractor -0.3722 0.2866 -1.299 0.194098 

 

The survival analysis method introduced in chapter 9 for was applied in this Section to 

developed AFT (accelerated-failure time) models which estimate the probability distribution of 

the time overrun durations for projects that are delayed. The estimation results are presented in 

Table 10.7 for projects in different work categories. 

 

Table 10.7 Survival Model Results (Log-logistic AFT model) for Time Overrun Duration 

Parameters Estimate Std. Error z-value Pr(>|z|) 
(a) Bridge (n = 376; AIC = 4002) 

Intercept -1.40841 1.06979 -1.32 0.188 
ln(Contract Award) 0.36087 0.07627 4.73 2.20E-06 
Lead Project (R6 or R7) -0.675 0.21308 -3.17 0.0015 
NBP -0.1271 0.06076 -2.09 0.0365 
(NBP)2 0.00466 0.00227 2.05 0.0402 
Interstate 0.49506 0.2231 2.22 0.0265 
Local 0.48432 0.15891 3.05 0.0023 

log(scale) -0.26281 0.0424 -6.20 5.70E-10 
(b) Road (n = 943; AIC = 10228) 

Intercept 1.45763 0.77174 1.89 0.05893 
ln(Contract Award) 0.21788 0.03971 5.49 4.10E-08 
Lead Project (R1) 0.32004 0.16128 1.98 0.04721 
Lead Project (R3, R4 or R5) -0.32803 0.09584 -3.42 0.00062 
NBP 0.05538 0.06444 0.86 0.39014 
(NBP)2 -0.00429 0.00476 -0.9 0.36704 
ASF -0.93644 0.42355 -2.21 0.02704 
Interstate 0.19479 0.13368 1.46 0.14509 
Urban 0.2145 0.09007 2.38 0.01725 
Start In Winter 0.25908 0.16536 1.57 0.11718 
Experienced Contractor -0.16276 0.10148 -1.6 0.10873 

log(scale) -0.2818 0.02685 -10.5 < 2e-16 
(c) Traffic (n = 256; AIC = 3084) 

Intercept 3.6822 0.9014 4.08 4.40E-05 
ln(Contract Award) 0.1429 0.0731 1.96 0.0504 
NBP 0.0676 0.1306 0.52 0.6047 
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Table 10.7 continued 

Same County -1.0388 0.2153 -4.83 1.40E-06 
Urban -0.2339 0.1726 -1.36 0.1753 
Local 0.1226 0.198 0.62 0.5357 
Nr of Bids -0.0177 0.0386 -0.46 0.6462 
Experienced Contractor 0.4866 0.1712 2.84 0.0045 

Log(scale) 0.1003 0.049 2.05 0.0408 
(d) Miscellaneous (n = 178; AIC = 192) 

Intercept 0.2172 1.1287 0.19 0.84744 
log(Contract Award) 0.292 0.0853 3.42 0.00062 
NBP 0.2831 0.164 1.73 0.08423 

Log(scale) 0.1128 0.0572 1.97 0.04872 
(e) Small-structures (n = 85; AIC = 897)   

Intercept 2.81482 0.35463 7.94 2.10E-15 
NBP 0.31196 0.09838 3.17 0.0015 
(NBP)2 -0.00978 0.00346 -2.83 0.0046 
Nr of Bids 0.0633 0.04179 1.51 0.1299 
Local 1.56663 0.9787 1.6 0.1094 
Small Contractor -0.67691 0.35533 -1.91 0.0568 

Log(scale) -0.40492 0.09127 -4.44 9.10E-06 
 

10.4 Sensitivity of the Risk of Cost/Time Overrun to the Bundling Effects 

In this section, sensitivity analysis was carried out to show the effects of increasing bundle size on 

cost overrun probability/severity and time overrun/severity. Figure 10.1(a) presents the sensitivity 

of the cost overrun probability to the change of bundle size while keeping all the other variables 

at the average level. For Bridge, Road and Traffic work, the probability of cost overrun decreases 

first and then increases after the bundle size increases to a certain threshold. The bundle size 

thresholds are 15, 8 and 4 for Bridge, Road and Traffic work, respectively. For Small-structures, 

the cost overrun probability decreases as more projects are bundled. Among the four work 

categories, the cost overrun probabilities of Bridge and Traffic contracts are more sensitive to the 

change of bundle size.  

Figure 10.1 presents the estimated probability of a contract being completed at each cost 

deviation level under increasing bundle size. For Bridge and Traffic work, as more projects are 

bundled in a contract, the probability of the contract experiencing cost deviation level 1 (cost 

underrun) increase and the probability of cost deviation level 5 (most severe cost overrun level) 

decreases until the bundle size thresholds (17 and 5, respectively) are reached. For Road and 
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Miscellaneous work, as the bundle size increases, the probability of cost deviation 1 (cost underrun) 

always increases, and the probability of cost deviation 5 (most severe cost overrun level) always 

increases. 

 
(a) Cost Overrun Probability 

 
(a) Cost Overrun Severity 

  
Figure 10.1 Sensitivity of Cost Overrun Probability and Severity to Bundle Size 

 

Figure 10.2 presents the sensitivity analysis results for the effects of bundle size on the 

time overrun probability and time overrun severity. For Bridge work, the probability of time 

overrun decreases first as the bundle size increases and starts increasing after the bundle size is 

larger than 9, and the time overrun severity (delay duration) decreases first and then increases after 

bundle increases to 14. For Road work, both the probability of time overrun and the delay duration 

increase first and start decreasing when more than 6 projects are bundled in a contract. For Traffic 
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work, the time overrun probability decreases, but the time overrun severity increases as more 

projects are bundled. For Small-structures work, both time overrun probability and the overrun 

duration (severity) increases as the bundle size increases. However, compared to overrun 

probability, the overrun severity is more sensitive to increasing bundle size. 

 
(a) Time Overrun Probability 

 
(b) Time Overrun Severity 

  
Figure 10.2 Sensitivity of Time Overrun Probability and Severity to Bundle Size 

10.5 Chapter Summary 

Cost overrun and schedule delay are key measures for contract performance of highway projects. 

To investigate how bundling affects such contractual risk, this chapter developed probabilistic 

models to estimate the likelihood and severity of cost and time overrun under certain bunding 
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strategy. Binary logit models were first developed to estimate the probabilities that a project 

experiences cost overrun and time overrun, respectively. Ordinal logistic modeling approach was 

then applied to predict the levels of cost deviation (cost underrun levels and overrun severities). 

Also, accelerated failure time (AFT) models were developed to estimate the severity (duration) of 

time overrun for projects that are delayed. 

According to the estimation results, increasing the bundle size reduces the cost overrun risk 

(in terms of both likelihood and severity) for most of the work categories (with exception of 

Miscellaneous work) and up to certain bundle-size threshold. However, the increase of bundle size 

was found to have bidirectional (positive or negative) impact on the risk of time overrun. In 

addition, it was found that increasing project similarity and spatial proximity both reduce the cost 

and time overrun risk, particularly for Road work. The models developed in this chapter can be 

used to estimate the risk of cost overrun and schedule delay for contracts under different bundling 

strategies.  
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 OPTIMIZATION FRAMEWORK FOR BUNDLING 
STRATEGIES 

This chapter evaluates bundling strategies based on several criteria and providing an optimization 

framework for identifying appropriate bundling strategies. The first part of the chapter carries out 

scenario analysis to evaluate the cost savings and other contract performance associated with 

different project bundling criteria. However, the bundling plans generated by these criteria are not 

“optimal” ones, because they are either based on one single criterion or by random selections.  

Bundling optimization can be defined as the identification of the bundling strategy that 

maximizes the benefits and minimizes the contractual risks. The second part of this chapter 

formulates the problem of searching for best bundling strategies as a combinatorial optimization 

problem. The statistical models developed in the previous chapters were incorporated as inputs 

into the proposed optimization framework. A greedy approach was proposed to approximate an 

optimal bundling solution in a reasonable amount of computational time. 

11.1 Bundling Scenario Analysis 

11.1.1 Problem Setting 

A bundling strategy determines how projects are bundled in terms of bundle size, bundling 

combinations and project scheduling (some projects are deferred from its planned year to a new 

letting year due to bundling). In this section, scenario analysis was carried out for evaluating the 

outcomes of using different bundling strategies generated based on several criteria, namely (1) 

bundling projects by project similarity; (2) bundling projects by the letting year; and (3) bundling 

projects by random selection. One hundred past projects were randomly selected from the study 

dataset for the analysis. These were defined as a pool of candidate projects. The candidate pool 

contains 19 different project types and project dates spreading over 11 years. Table 11.1 presents 

the statistics for number of projects by project type and by letting year, and Table X (see Appendix) 

presents details of the selected projects. 
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Table 11.1 Bundling Scenario Analysis Data 
(a) Number of Projects by Project Type 

Project Types Nr of 
Projects 

Project Types Nr of 
Projects 

B1-New Bridge 3 R3-Patch & Rehab Pavement 7 
B2-Bridge Replacement 5 R4-Partial 3 19 
B4-Deck Replacement 3 R5-Road Rehabilitation (3R/4R) 5 
B5-Bridge Widening 3 R6-Wedge & Level Only 2 
B6-Bridge Deck Overlay 10 R9-Pavement, Other 2 
B7-Thin Deck Overlay 6 S1-Pipe Lining 2 
B8-Misc. Bridge Rehab & Repair 20 T2-Signing 1 
M2-Channel and Ditch Work 2 T3-Traffic Signals 1 
M4-Slide Correction 1 T6-Lighting 1 
R10-Pavement Replacement 7   

(b) Number of Projects by Letting Year 
Letting 

Year 
Nr of 

Projects 
Letting Year Nr of 

Projects 
2008 6 2014 15 
2009 9 2015 11 
2010 12 2016 10 
2011 6 2017 18 
2012 4 2018 6 
2013 3   

 

Table 11.2 presents the assumptions and models used in the bundling scenario analysis and 

the optimization framework (in Section 11.2). The project cost models, project duration models, 

market competition models, and cost and time overrun models that were developed in previous 

chapters severed as inputs in the scenario analysis and bundling optimization model. The model 

for estimating the average number of bids (Table 6.1) was used to estimate the number of bidders 

(input in the project cost model) for a contract based on its bundle size. Also, deferring a project 

from its originally planned letting year to an earlier or later year due to the desire to bundle it with 

others, is penalized in the analysis. It was assumed that delaying a project by one year due to 

bundling increases that project’ cost by 10%, because a greater delay in applying an intervention 

leads to higher (both agency and user) cost of the intervention due to the additional deterioration 

of the asset (Sharaf, 1988; Galehouse et al., 2003; Kuennen, 2005; Khurshid, 2010). Doing a 

project one year earlier than planned increases the project cost by 5%, because “hastened” 
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application of intervention treatment at a superior asset’s performance level than its planned level 

might result in more subsequent interventions in the asset’s life cycle and consequently higher life-

cycle cost (Sharaf, 1988; Khurshid, 2010). These assumptions are supported by the findings of 

Qiao et al (2018) in a pavement MR&R scheduling study. Such costs include the life-cycle agency 

and user costs. 

𝐴𝑃𝐶$� = 𝑃𝐶$� ∗ (1.1)KL*�§KLM� if  𝐿𝑌N+ > 𝐿𝑌K+   Equation 11.1 

𝐴𝑃𝐶$� = 𝑃𝐶$� ∗ (1.05)KLM�§KL*�  if  𝐿𝑌N+ < 𝐿𝑌K+   Equation 11.2 

where, lp is the lead project of a contract, kp is a kin project in the same contract, 𝐿𝑌½�is planned 

and actual the letting year of the lead project, and 𝐿𝑌$� is the planned letting year of the kin 

project, 𝑃𝐶$�is the estimated project cost for the kin project and 𝐴𝑃𝐶$� is the adjusted project 

cost (project cost and letting year rescheduling cost). 

Table 11.2 Problem Setting and Assumptions 
Variables Assumptions/Models 
Project Cost Project Cost Model (Table 7.8) 

Lead Project The project with the highest stand-alone cost is selected as the lead project for a 
contract 

Project Duration Project Duration Model (Table 9.8) 
Number of bidders Model for Average Number of Bids (Table 6.1) 
Project letting year 
rescheduling cost 

Delaying a project by one year increases the project cost by 10% 
Implementation a project one year earlier increases the project cost by 5% 

Cost Overrun 
Probability Cost overrun binary logit models (Table 10.2) 

Time Overrun 
Probability 

Time overrun binary logit model (Table 10.5) 

Competition Level 
Probability Predictive model for bidding competition level (Table 6.9) 

 

11.1.2 Bundling Criteria 

In real bundling practice, projects are compatible and are proximally located are likely to be 

bundled, which offers contractors more economies of scale in their operations and a greater 

flexibility to move and coordinate resources around the work locations. Also, projects with planned 

letting year that are close are better candidates for bundling to avoid large project deferring costs. 
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In this section, two standard bundling criteria (bundling projects by project similarity and bundling 

projects by the letting year) and one random bundling criteria (bundling projects by random 

selection) were analyzed. Location was not considered in the scenario analysis because the spatial 

proximity factors were found to be insignificant in the developed project cost models. 

11.1.2.1 Bundling Projects by Project Similarity 

The three bundling criteria are described in this section. The first criterion is bundling projects 

based on project similarity. This is recommended because it was found in Chapter 7 that increasing 

the similarity of projects in contract leads to lower project and contract costs. The pool of 100 

projects were grouped into 13 clusters (Table 11.3) based on the results of Ward’s method and the 

results presented in Figure 5.4. The pay-item cost distributions of project types in the same cluster 

are more similar than for projects from different clusters. Using the criterion of bundling by 

similarity, projects in the same cluster are bundled into one contract during the project selection 

process. The selection steps are presented below: 

1. Estimate stand-alone project cost for each project in the project candidate pool; 

2. Bundle projects in the same cluster (Table 11.3) into one contract and assign the project 

with the highest stand-alone cost as the lead project. 

Table 11.3 Cluster of Project Types 

Cluster  Project Types 
1 B1-New Bridge, B2-Bridge Replacement 
2 B3-Superstructure Replacement, B4-Deck Replacement, B5-Bridge Widening 
3 B6-Bridge Deck Overlay, B8-Misc. Bridge Rehab & Repair 
4 R1-New Road Construction, R9-Pavement, Other 
5 R4-Partial 3, R10-Pavement Replacement 
6 R2-Added Travel Lanes, R5-Road Rehabilitation, R7-Sight Distance Correction 
7 R3-Patch & Rehab Pavement, R6-Wedge & Level Only, M4-Slide Correction 
8 T1-ITS, T2-Signing, T3-Traffic Signals, T4-Pavement Markings, T6-Lighting 
9 T5-Guard Rail, Cable Barrier & Wall, M3-Stormwater Improvements 
10 S3-Small Str. Maintenance & Repair, S2-Small Structure Installation 
11 B7-Thin Deck Overlay, M2-Channel and Ditch Work 
12 M1-Demolition 
13 S1-Pipe Lining 
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11.1.2.2 Bundling Projects by Letting Year 

The second bundling strategy is to bundle projects that were originally planned for the same letting 

year, to form a single contract. This is preferable because moving a project from its planned letting 

year to another year may have a drawback (this is duly penalized in the analysis). The selection 

steps for bundling by letting year are: 

1. Estimate stand-alone project cost for each project in the project candidate pool; 

2. Bundle projects with same original planned letting year into one contract and assign the 

project with the highest stand-alone cost as the lead project. 

11.1.2.3 Bundling Projects by Random Selection 

The third strategy is to bundle projects by random selection, where both the bundle size and project 

combinations are randomized. This analysis was carried out to show the uncertainties and 

contractual risks associated with varying bundling strategies if everything is determined randomly. 

The project selection process of random bundling strategy is presented below.  

1. Estimate stand-alone project cost for each project in the project candidate pool; 

2. Shuffle all the N projects, set s = 0 and t = 0; 

3. Generate random bundle size ni for contract i from uniform distribution U(low_NBP, 

up_NBP); 

4. Set t = t + ni, select projects from Ps to Pt for contract bundle i, and assign the project with 

the highest stand-alone cost as the lead project; Update s = s + t; 

5. If t <= N, repeat steps 2 to 3, else end the program. 

In step 3, U(low_NBP, up_NBP) is a uniform distribution function that generates random 

bundle sizes that are uniformly distributed between bounds “low” and “up”. It is assumed that, for 

an entirely random bundling plan, the historical distribution of bundle size is not considered. The 

use of uniform distribution makes sure that any of the buddle sizes will be chosen with a same 

probability. In the analysis, we assume low_NBP =1 and up_NBP = 25. 

11.1.3 Bundling Results 

The three bundling criteria were applied to the 100 randomly-selected projects from the dataset 

(see Section 11.1.1).  Table 11.4 summarizes the bundling results for the projects bundled based 
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on similarity. Table 11.4(a) presents the results for projects selected for the first contract bundle, 

including project types R3, R6 and M4 (Cluster 7 in Table 11.3). R3 in the first row was selected 

as the lead project for the first contract because it is the project with the highest stand-alone cost. 

The other projects are the kin projects. In order to bundle the kin projects with the lead project, all 

the kin projects need to be moved to the same letting year (2008). The column of Letting Year 

Rescheduling Cost in the table shows, for each project, how much additional (penalty) costs were 

added to the project award for delaying or hastening a project. The adjusted project cost is the sum 

of the estimated project award and the additional cost due to the letting year rescheduling. The 

sum of the adjusted project costs is the adjusted contract cost for the first contract. Table 11.4(b) 

presents the bundling result for all 100 projects at a contract level. The 100 projects were bundled 

into 10 contracts. “NBP” is the number of bundled projects in each of the 10 contracts (because 

the candidate pool contains project types in 10 different clusters in Table 11.3). “ASF” is the 

average similarity factor for each contract. The total overall contract cost for the 10 contracts is 

$46.999 million, 42% lower compared to the case when all projects are stand alone (unbundled).  

 

Table 11.4 Bundling Results of Projects Bundled by Project Similarity 

(a) Results for Projects in the first contract 

P. Project and Project Type 
 

Lead/ 
Kin 

Project 

Original 
Planned 
Letting 

Year 

Project Cost ($ million) 
Stand- 
alone 

Project 
Cost  

Project 
Award  

Letting 
Year 

Resched
uling 
Cost  

Adjusted 
Project 

Cost  

1 R3-Patch & Rehab Pavement Lead 
2008 

(Actual) 
$0.811 $0.243 $0.000 $0.243 

2 R3-Patch & Rehab Pavement Kin 2014 $0.307 $0.092 $0.031 $0.124 
3 R3-Patch & Rehab Pavement Kin 2016 $0.074 $0.022 $0.011 $0.033 
4 R3-Patch & Rehab Pavement Kin 2017 $0.644 $0.193 $0.107 $0.300 
5 M4-Slide Correction Kin 2016 $0.116 $0.035 $0.017 $0.052 
6 R3-Patch & Rehab Pavement Kin 2014 $0.163 $0.049 $0.017 $0.066 
7 R3-Patch & Rehab Pavement Kin 2017 $0.234 $0.070 $0.039 $0.109 
8 R6-Wedge & Level Only Kin 2009 $0.235 $0.071 $0.004 $0.074 
9 R6-Wedge & Level Only Kin 2008 $0.650 $0.195 $0.000 $0.195 

10 R3-Patch & Rehab Pavement Kin 2011 $0.299 $0.090 $0.014 $0.104 
Total $3.53 $1.06 $0.238 $1.298 
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Table 11.4 continued 

(b) Results for all the Contracts 

C Letti
ng 
Year 

Lead Project Type NBP ASF Total Contract Cost ($ million) 
Unbundled Bundled 

Contract 
Cost 

Contract 
Award 

Adjusted 
Contract 

Cost 
1 2014 R3-Patch & Rehab Pavement 10 0.818 $3.533  $1.060  $1.298  
2 2013 R10-Pavement Replacement 26 0.946 $36.590  $10.977  $16.110  
3 2018 B7-Thin Deck Overlay 8 0.764 $0.780  $0.351  $0.418  
4 2009 R9-Pavement, Other 2 1.000 $2.321  $0.814  $0.907  
5 2010 S1-Pipe Lining 2 1.000 $0.175  $0.122  $0.122  
6 2015 B6-Bridge Deck Overlay 30 0.844 $8.908  $2.672  $3.092  
7 2010 B2-Bridge Replacement 8 0.934 $10.919  $7.262  $9.989  
8 2008 R5 Road Rehabilitation 5 1.000 $8.419  $6.026  $8.074  
9 2008 B4-Deck Replacement 6 0.944 $9.325  $5.340  $6.573  

10 2008 T3-Traffic Signals 3 0.489 $0.450  $0.385  $0.416  

Total 100 0.874 $81.420 $35.010 
$46.999  

(OC) 
Note: P is the project; C is the contract; NBP is the number of bundled projects; ASF is the average 
similarity factor; Adjusted Cost = Award + Rescheduling Cost; OC(overall cost) is the total adjusted 
contract cost. 

 

Table 11.5 summarizes the results of the bundling plan generated by the second criterion – 

originally-planned letting year. Table 11.5(a) presents the projects selected for the first contract 

based on the letting year. All the selected projects were originally planned for Year 2014, therefore 

there is no letting year rescheduling year cost. However, the average similarity factor is lower than 

the ASF in Table 11.4 when projects were bundled based on similarity. The overall cost (total 

adjusted contract cost) is $41.553 million, which is lower than the cost given by the bundling 

criterion based on project similarity. In this example, therefore, bundling by letting year is superior 

to bundling by similarity in terms of the overall cost. However, this is not always the case. In 

Section 11.2.5, different bundling strategies are compared using numerical examples.  
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Table 11.5. Bundling Results of Projects Bundled by Letting Year 
(a) Results for Projects in the first contract (Contract 1 in Table 11.5(b)) 

P. Project Type 
 

Lead/ 
Kin 

Project 

Planned/ 
Actual 
Letting 
Year 

Stand Alone 
Project Cost 
($ million) 

Project 
Award 

($ million) 

1 R4-Partial 3 Lead 2014 $2.488 $0.746 
2 R3-Patch & Rehab Pavement Kin 2014 $0.307 $0.092 
3 R3-Patch & Rehab Pavement Kin 2014 $0.163 $0.049 
4 B8-Misc. Bridge Rehab & Repair Kin 2014 $0.239 $0.072 
5 B6-Bridge Deck Overlay Kin 2014 $0.309 $0.093 
6 B1-New Bridge Kin 2014 $0.313 $0.140 
7 B8-Misc. Bridge Rehab & Repair Kin 2014 $0.225 $0.067 
8 B8-Misc. Bridge Rehab & Repair Kin 2014 $0.204 $0.061 
9 M2-Channel and Ditch Work Kin 2014 $0.109 $0.033 
10 B8-Misc. Bridge Rehab & Repair Kin 2014 $0.130 $0.039 
11 B8-Misc. Bridge Rehab & Repair Kin 2014 $0.225 $0.068 
12 R4-Partial 3 Kin 2014 $0.372 $0.112 
13 M2-Channel and Ditch Work Kin 2014 $0.109 $0.033 
14 R5-Road Rehabilitation (3R/4R) Kin 2014 $1.804 $0.541 
15 R4-Partial 3 Kin 2014 $0.242 $0.073 

Total $7.239 $2.218 

(b) Results for all the Established Contracts 
C. Lettin

g Year 
Lead Project Type NBP ASF Total Contract Cost ($ million) 

Unbundled Bundled 
Contract 

Cost 
Contract 
Award 

Adjusted 
Contract 

Cost 
1 2014 R4-Partial 3 15 0.719 $7.239  $2.218  $2.218  
2 2013 R4-Partial 3 3 0.792 $2.767  $1.949  $1.949  
3 2018 R10-Pavement Replacement 6 0.777 $3.448  $2.113  $2.113  
4 2016 B2-Bridge Replacement 10 0.744 $8.216  $4.247  $4.247  
5 2009 R5-Road Rehabilitation 9 0.687 $7.367  $3.802  $3.802  
6 2017 R10-Pavement Replacement 18 0.695 $17.973  $5.808  $5.808  
7 2010 R10-Pavement Replacement 12 0.683 $13.807  $5.265  $5.265  
8 2015 R5-Road Rehabilitation 11 0.778 $7.101  $7.488  $7.488  
9 2008 B5-Bridge Widening 6 0.624 $3.953  $2.678  $2.678  

10 2012 R4-Partial 3 4 0.836 $4.273  $2.972  $2.972  
11 2011 R4-Partial 3 6 0.779 $5.275  $3.014  $3.014  

Total 100 0.738 $81.420  $41.553  
$41.553  

(OC) 
Note: P is the project; C is the contract; NBP is the number of bundled projects; ASF is the average 
similarity factor; Adjusted Cost = Award + Rescheduling Cost; OC(overall cost) is the total adjusted 
contract cost. 
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The random-bundling criteria was then applied to the same candidate pool. One thousand 

alternative bundling plans were generated randomly. Table 11.6 presents the bundling results of 

one sample plan created by random bundling. As presented in Table 11.6, both project types and 

letting years are very different between the bundled projects in the first contract. The total adjusted 

cost is $53.367 million, which is higher than the total costs asscociated with the two previous 

bundling criteria. 

Table 11.6. Bundling Results of Projects Bundled by Random Selection 

(a) Results for Projects in the first contract (Contract 1 in Table 11.6(b)) 

P. Project Type  Lead/ 
Kin 

Project  

Original 
Planned 
Letting 

Year 

Project Cost ($ million) 
Stand 
Alone 

Project 
Cost 

Project 
Award 

Letting 
Year 

Reschedul-
ing Cost 

Adjusted 
Project 

Cost 

1 R4-Partial 3 Lead 2014 
(Actual) $2.488 $0.746 $0.000 $0.746 

2 B6-Bridge Deck Overlay Kin 2017 $0.618 $0.186 $0.029 $0.215 
3 R9-Pavement, Other Kin 2009 $0.343 $1.029 $0.628 $1.656 
4 B6-Bridge Deck Overlay Kin 2011 $0.351 $0.105 $0.035 $0.140 
5 R4-Partial 3 Kin 2011 $2.027 $0.608 $0.201 $0.810 
6 R6-Wedge & Level Only Kin 2017 $0.234 $0.070 $0.011 $0.081 
7 R4-Partial 3 Kin 2009 $0.517 $0.155 $0.095 $0.250 
8 B8-Misc. Bridge Rehab Kin 2015 $0.120 $0.036 $0.002 $0.038 
9 B8-Misc. Bridge Rehab Kin 2017 $0.135 $0.040 $0.006 $0.047 

10 B7-Thin Deck Overlay Kin 2017 $0.091 $0.037 $0.006 $0.042 
11 B8-Misc. Bridge Rehab Kin 2015 $0.186 $0.056 $0.003 $0.059 
12 B2-Bridge Replacement Kin 2012 $0.918 $0.629 $0.132 $0.761 
13 B7-Thin Deck Overlay Kin 2018 $0.136 $0.054 $0.012 $0.066 
14 M4-Slide Correction Kin 2017 $0.644 $0.193 $0.030 $0.224 
15 B8-Misc. Bridge Rehab  Kin 2014 $0.225 $0.068 $0.000 $0.068 

Total $9.032  $4.012  $1.190  $5.202  

(b) Results for all the Established Contracts 

C Let 
Year 

Lead Project Type NBP ASF Total Cost ($ million)  
Unbundled Bundled 

Contract 
Cost 

Contract 
Award 

Adjusted 
Contract 

Cost 
1 2017 R4-Partial 3 15 0.7161 $9.032  $4.012  $5.202  
2 2015 B1-New Bridge 25 0.7050 $16.947  $12.541  $14.632  
3 2010 R5-Road Rehabilitation 6 0.7498 $5.210  $2.707  $3.259  
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Table 11.6 continued 

4 2010 R10-Pavement Replacement 20 0.7139 $18.937  $12.799  $19.027  
5 2017 R10-Pavement Replacement 11 0.7423 $6.855  $2.744  $2.891  
6 2011 R10-Pavement Replacement 12 0.6085 $15.614  $7.113  $9.879  
7 2008 R5-Road Rehabilitation 11 0.7142 $8.826  $2.662  $3.619  

Total 100 0.748 $81.420  $39.885  $53.367  
(OC) 

Note: P is the project; C is the contract; NBP is the number of bundled projects; ASF is the average 
similarity factor; Adjusted Cost = Award + Rescheduling Cost; OC(overall cost) is the total adjusted 
contract cost. 
 

Figure 11.1 presents the total contract award and the total adjusted cost for the 1000 

randomly-generated bundling plans. The costs vary widely, ranging from $35 million to $70 

million for the total contract award and ranging from $40 million to $90 million for the total 

adjusted project cost. This indicates that the consequences of bundling vary greatly across the 

different bundling plans. In a small percentage of cases, the costs of random bundling are lower 

than the cost of bundling by similarity or by letting year. However, when the letting year 

rescheduling cost is considered, there is also a small chance that the total adjusted contract cost 

will be exceeding the costs if all projects are unbundled ($81.42 million). These results reflect the 

large uncertainty associated with a random bundling strategy. Bundling projects without a 

systematic strategy can therefore be risky, as a randomly-assembled bundle of projects could yield 

much higher costs compared to the combined costs of stand-alone projects.  
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(a) Total Contract Award    (b) Total Adjusted Contract Cost  

Figure 11.1. Comparison of Total Contract Award and Adjusted Cost for Different Bundling 
Strategies 

 

Table 11.7 presents the outcome of different bundling strategies in terms of other contract 

performance measures, including the estimated project duration, the probabilities of cost overrun 

and time overrun, and the probability that a contract will have a certain competition level. All these 

metrics are measured at a contract level, assuming all the projects in the contract bundle have the 

same performance. In practice, the agency seeks bundling strategies that minimize the overall cost 

(total adjusted contract cost) but also meet some requirements of contract performance.  For 

example, the risks of cost overrun and time overrun need to be below a certain level, or a cap on 

the probability that a contract will have low competition. These constraints are given 

considerations in the revised algorithm in Section 11.2.6. 

  

Total Contract Award ($million) Total Adjusted Contract Cost ($million) 
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Table 11.7 Other Project Performance Measures 
(a) Bundle by project similarity 

Cont. 

Estimated Project 
Duration (Days) Prob. of 

Cost 
Overrun 

Prob. of 
Time 

Overrun 

Estimated Probability of  
Competition Levels 

5%  
50% 

(Median)  95%  1 2 3 4 5 

1 45 119 319 0.621 0.494 0.491 0.422 0.070 0.014 0.004 
2 127 340 910 0.993 0.018 0.720 0.245 0.028 0.005 0.001 
3 27 93 185 0.514 0.116 0.185 0.389 0.299 0.101 0.025 
4 26 69 184 0.543 0.280 0.317 0.517 0.131 0.027 0.008 
5 34 95 262 0.510 0.154 0.164 0.627 0.144 0.041 0.024 
6 115 394 787 0.794 0.916 0.375 0.406 0.168 0.042 0.010 
7 111 382 764 0.674 0.430 0.132 0.342 0.348 0.141 0.038 
8 166 445 1192 0.552 0.647 0.195 0.529 0.211 0.051 0.014 
9 84 287 573 0.597 0.562 0.275 0.417 0.228 0.065 0.015 
10 22 154 458 0.923 0.306 0.138 0.436 0.251 0.130 0.046 

Total/ 
Average 757 2377 5635 0.672 0.392 0.299 0.433 0.188 0.062 0.019 

(b) Bundle by letting year 

Cont. 

Estimated Project 
Duration (Days) Prob. of 

Cost 
Overrun 

Prob. of 
Time 

Overrun 

Estimated Probability of  
Competition Levels 

5%  50% 
(Median)  95%  1 2 3 4 5 

1 47 125 334 0.790 0.364 0.391 0.483 0.100 0.020 0.006 
2 63 169 452 0.707 0.477 0.291 0.525 0.144 0.031 0.009 
3 77 205 550 0.635 0.453 0.419 0.467 0.091 0.018 0.005 
4 87 297 594 0.703 0.367 0.345 0.412 0.184 0.048 0.011 
5 148 397 1064 0.580 0.645 0.060 0.347 0.383 0.157 0.053 
6 125 335 896 0.933 0.293 0.460 0.442 0.078 0.015 0.004 
7 126 338 906 0.765 0.439 0.310 0.519 0.134 0.028 0.008 
8 190 508 1362 0.691 0.699 0.141 0.499 0.267 0.072 0.021 
9 80 273 547 0.813 0.402 0.192 0.393 0.293 0.097 0.024 
10 75 200 535 0.687 0.547 0.287 0.526 0.147 0.031 0.009 
11 60 161 431 0.658 0.612 0.380 0.489 0.104 0.021 0.006 

Total/ 
Average 1077 3009 7670 0.724 0.482 0.298 0.464 0.175 0.049 0.014 
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Table 11.7 continued 

(c) Bundle by random selection 

Cont. 

Estimated Project 
Duration (Days) Prob. of 

Cost 
Overrun 

Prob. of 
Time 

Overrun 

Estimated Probability of  
Competition Levels 

5%  
50% 

(Median)  95%  1 2 3 4 5 

1 78 267 534 0.726 0.287 0.155 0.366 0.327 0.121 0.031 
2 100 344 687 0.743 0.638 0.190 0.392 0.295 0.099 0.025 
3 165 566 1132 0.794 0.751 0.476 0.367 0.122 0.029 0.006 
4 163 437 1171 0.988 0.093 0.501 0.415 0.068 0.013 0.004 
5 48 130 348 0.569 0.389 0.436 0.457 0.085 0.017 0.005 
6 49 132 355 0.692 0.310 0.494 0.419 0.069 0.013 0.004 
7 178 476 1276 0.868 0.500 0.195 0.529 0.211 0.051 0.015 
8 21 73 146 0.536 0.134 0.150 0.361 0.331 0.125 0.033 

Total/ 
Average 803 2426 5648 0.739 0.388 0.325 0.413 0.189 0.058 0.015 

11.2 Optimization Framework 

11.2.1 Optimization Problem Formulation 

The determination of an optimal bundling strategy can be formulated as a combinatorial problem. 

Assuming there are N projects in the pool of candidate projects and K contracts. Each of the N 

projects can be placed into one of the K contracts. K is a decision variable in the problem ranging 

from 1 (all the projects bundled in one contract) to N (all the projects are standalone). The objective 

function of this optimization problem is formulated in Equation 11.1 below, where 𝑥",% is another 

decision variable indicating if a project j is placed into contract i (𝑥",% = 1). The objective is to find 

a bundling strategy (combination of 𝑥",%) that minimizes the overall cost for all the projects. The 

total cost associated with a certain bundling strategy is the sum of the (adjusted) contract cost of 

each contract. The cost of each contract is the sum of the project costs of all the projects that are 

placed in each contract. Each project has its own cost function 𝐶𝑜𝑠𝑡%. The cost models developed 

in Chapter 7 are used here for each project type. In addition, the letting year rescheduling costs 

were also considered in the cost function, as discussed in Section 11.1.1.  

The variables in the cost function include project-level factors (project size, functional class 

and traffic volume, planned letting year) and contract-level factors (average similarity factor, 

number of bidders for a contract). Of these variables, it is assumed that only the contract-level 
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factors are influenced by the bundling strategy. Equation 11.4 is the constraint that requires one 

project can be placed in only one of the contracts. Constraint Equation 11.5 requires that a contract 

contains at least one project. Equations 11.6 and 11.7 are the functions of the two contract-level 

variables. 

argmin
l),-∈{°,[},
	N∈{[,_,…�}

∑ ∑ 𝑥",% ∗ 𝐶𝑜𝑠𝑡%�
%n[ (𝑃𝑆%, 𝐿𝑌%,𝐹𝐶%, 𝐴𝐷𝑇%, 𝑁𝐵𝑃", 𝑁𝐵", 𝐴𝑆𝐹")N

"n[       Equation 11.3 

𝑆. 𝑡.		 ∑ 𝑥",%�
%n[ = 1			for	all	𝑖	 ∈ {1, 2, … .𝐾}                                 Equation 11.4 

∑ 𝑥",%N
"n[ ≥ 1			for	all	𝑗	 ∈ {1, 2, … . 𝑁}                                          Equation 11.5 

𝑁𝐵" = 𝐵𝑖𝑑(𝑁𝐵𝑃")                                                                        Equation 11.6 

𝐴𝑆𝐹" = 1 − 𝐴𝑆𝐷(𝑝[, 𝑝_ … . 𝑝�x+))                                               Equation 11.7 

where i is the i-th contract; j is the j-th project; 𝑥",%  is the decision variable: 𝑥",% = 1 indicates 

project j is in contract i, 𝑥",% = 0 indicate project j is not in contract i; 𝐾 is a decision variable 

indicating the number of contracts, 𝐾 ∈ {1,2, …𝑁}; N is the total number of candidate projects; 

𝐶𝑜𝑠𝑡% is the cost function; 𝑃𝑆% is the project size of project j; 𝐹𝐶% is the functional class of project 

j; 𝐴𝐷𝑇%	is the traffic volume for project j; 𝐿𝑌% is the planned letting year for project j; 𝑁𝐵𝑃"is the 

number of bundled projects in contract i; 𝑁𝐵" is the estimated number of bids for contract i; 𝐵𝑖𝑑 

is function number of bidders function; 𝐴𝑆𝐹"  is the average similarity factor between bundled 

projects in contract i; 𝐴𝑆𝐷  is the average similarity distance function; 𝑝[, 𝑝_ … . 𝑝�x+)  are the 

projects in the contract i. 

 The formulation of the bundling problem is similar to a classical combinatorial 

optimization problem, namely generalize assignment problem (GAP). The GAP aims at finding a 

minimum-cost assignment of tasks to agents such that each task is assigned to exactly one agent 

and such that each agent's resource capacity is honored. The GAP has been proven to be a NP-

hard problem, but there are several exiting algorithms to solve the problem including both 

approximation algorithm (Shmoys , 1993; Romeijn and Morales, 2000; Cohen et al., 2006; ) and 

exact solution using branch and bound method (Ross and Soland, 1975). However, these exiting 

algorithms cannot be applied directly to solve the bundling optimization problem. Because there 

are two key differences between the two problems: (1) in the GAP problem, the K (number of 

agents) is a given constant, but in the bundling optimization problem, the K (number of contracts) 

is a decision variable that can be any integer between 0 and N; and (2) in the GAP, the cost of 
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performing a task is only determined by the task-agent assignment but not affected by the 

assignments of other tasks; in the other word, the cost is a constant. However, in the bundling 

optimization problem, the cost of a project is not only determined by the project-specific variables 

but also affected by the assignments of other projects in the same contract and the number of 

projects in that contract (which is a unique property of the bunding problem). In the other word, 

the cost of a project is not a constant but a function which varies across different project types, and 

such cost function is depending on the contract-specific variables which are in turn determined by 

the decision variable 𝑥",%. Due to such much more complex structure of the bundling optimization 

problem, there is no existing algorithm can be applied directly to solve the problem in a reasonable 

amount of computational time. 

Solving the bundling problem by brute forth method is also impractically expensive. The 

problem of partitioning N projects into K nonempty contracts is called Stirling numbers of the 

second kind (Graham et al., 1989). A lower bound of the total combinations is 𝐿(𝑁,𝐾) =
[
_
(𝐾_ + 𝐾 + 2)𝐾�§N§[ − 1. Because K can be any integer number between 1 (all the projects are 

bundled in a single contract) to N (no project is bundled), it takes a total of ∑ [
_
(𝐾_ + 𝐾 +�

Nn[

2)𝐾�§N§[ − 1	 steps to enumerate all possible combinations. Therefore, a lower bound of the time 

complexity of solving this problem is 𝜴(∑ 𝐾�§N�
Nn[ )~𝜴((�

_
)(
é
¥)). This means that solving the 

problem by enumerating all the combinations is impractical particularly when N is relatively large. 

Therefore, to solve the formulated optimization problem in a reasonable amount of time, a greedy 

approach was proposed in this dissertation to approximate the exact optimal bundling solution. 

 

11.2.2 Proposed Algorithm with Greedy Approach 

A greedy approach is an algorithm that solves a problem heuristically through making the locally 

optimal choice at each stage with the intent of reaching a global optimal solution (Cormen, 2001). 

The greedy approach is widely used for combinatorial optimization problems (Minoux, 1978; 

Iwata and Fujishige, 2001; Zurel and Nisan, 2001). The principle of a greedy algorithm is that it 

reduces the given problem into smaller subproblems and iteratively makes one greedy choice after 

another at each stage (Chvatal, 1979; Zurel, 2001). A greedy choice is a choice that seems best at 

the moment, but it may not necessarily lead to the optimum for all solutions to the subproblem 
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globally. Therefore, a greedy strategy does not usually produce global optimal solution but may 

yield locally optimal solutions that approximate a globally optimum in a reasonable amount of 

time (Bang-Jensen, 2004).  

In the bundling project selection problem in this dissertation, the greedy approach is applied 

to divide the bundling problem into smaller subproblems and solve them iteratively and 

sequentially by focusing on only one contract after another. At each search stage, one project (the 

most expensive one) is selected from the pool of candidate projects to save as the lead project of 

the current contract, and the proposed greedy method finds a locally optimal bundling solution (a 

set of best kin projects) for the current contract. This process repeats until there is no project left 

in the candidate pool. The proposed greedy algorithm is presented as follows: 

1. Establish the pool of candidate projects. Estimate the stand-alone cost STCp for each project 

j in the candidate pool. 

2. Set the most expensive project LPi in the candidate pool as the lead project of the current 

contract i; then set the collection of remaining projects as the new candidate pool. 

3. Initialization: Initialize the contract cost CCi for the current contract as STClp and the 

maximum cost saving percentage MCSPi = 0;  

4. Search for best kin projects for the current contract i from the candidate pool: 

(a) For each candidate kin project k:  

• Add kin k to the current contract, and update all the contract-related variables (NBPi, 

NBi, ASFi) in the current contract i; 

• Calculate the contract cost New_Ci,k for the current contract i after adding kin k;  

• Calculate the cost saving percentage (CSPi,k) due to the addition of kin k to the current 

contract i: CSPi,k = (CCi + STCk  - New_Ci,k)/( CCi + STCk )*100%; and update MCSPi 

= max(MCSPi, CSPi,k); 

• Remove the candidate kin k from the current contract. 

(b) Identify the “best” candidate kin Kbest associated with a cost saving percentage CSPi,k  

equal to the maximum cost saving percentage (MCSPi) for the current contract i. 

• If MCSPi > 0%: add it to the current contract i and remove kin k from the 

candidate pool, and update Ci = New_Ci. Then go back to step 4(a); 

• Else: break the current loop. 
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5. Save the current contract. Repeat steps 2-5 to establish the next contract bundle, until there 

is no project left in the candidate pool.  

In the proposed algorithm, the process of project selection for bundling, for a current contract 

is defined as a searching stage; and the process of adding a project into the current contract is 

defined as a searching step. At the beginning of each searching stage, a lead project is selected 

from the pool of candidate projects and the proposed greedy algorithm iteratively searches for, at 

each step, a best kin project to be added to the current contract that yields a maximum cost savings. 

This takes 𝑂(𝑁) computational time, assuming there are in total 𝑁 projects in the candidate pool. 

If only one project is added to the current contract at each stage, the total process will go through 

N stages (each stage contains at most N steps) before the program ends. Therefore, the algorithm 

takes 𝑂(𝑁_) time in the worst case, which is much superior to the time complexity of the original 

problem 𝑂(𝑁�). 

The proposed algorithm searches for a locally optimal bundling solution (a set of best kin 

projects) for each contract sequentially from more expensive to less expensive contracts. At each 

searching stage, the most expensive project is selected from the candidate pool as the lead project 

of the current contract. Then the proposed method focuses only on the best choices for the current 

contract, without considering the choices for the remaining contracts. Therefore, the algorithm 

favors the contracts established at the earlier stages. This is a limitation of the greedy approach, 

but it is desirable to some degree for our problem. This is because, in practice, we want to give 

more importance to more expensive contracts, because the same cost saving percentage (CSP) for 

a more expensive contract translates to a higher cost saving amount. Therefore, by favoring the 

contracts established earlier (more expensive ones), a larger amount of cost savings can be 

achieved. However, if too much importance is given to the earlier stages, the solution might be far 

from the global optimum. In Section 11.2.4 of this dissertation, analysis of adding different 

stopping thresholds is carried out to investigate this issue. 

11.2.3 Application of Proposed Algorithm 

The proposed algorithm was applied to the same sample of 100 randomly-generated projects 

(Section 11.1.1).  Figure 11.2 presents the trends of the maximum cost saving percentage (MCSP) 

at each stage of the searching process. Each cycle of the curve represents the searching stage for 

one contract. Each point on the curve represents the MCSP at a searching step by adding a best kin 
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project (br). As shown in Figure 11.2, the MCSP first increases as the bundle size increases, then 

decreases after a certain point. This is reasonable because, when the bundle size is relatively small, 

a significant cost reduction is produced on each project (for most project types) bundled in the 

current contract by adding an additional project. Therefore, when the bundle size is small, the total 

cost saving percentage for the current contract is higher if there are more projects already bundled 

in the contract. As the bundle size becomes larger, the percentage reduction in the cost of each 

project becomes smaller or even negative (for some project types) based on the developed project 

cost models, which leads to a decreasing total cost saving percentage. 

When the MCSP decreases to 0%, the searching stage ends for the current contract and 

starts for a new contract. The length of each cycle is therefore the bundle size (number of bundled 

projects) determined for each contract. In the example shown, the algorithm bundled projects into 

11 contracts. Four of the contracts are single project contract and seven of them are bundled 

contracts. For a single project contract, no kin project is added to the contract. For the seven 

bundled contracts, there are 7 lead projects and 89 kin projects in total. Therefore, there are seven 

cycles in the figure, each representing the searching stage for one bundled contract and 89 points 

each representing the step of adding a best kin project. The last cycle is not a complete one because 

there were only one projects left in the project candidate pool when the searching stage starts for 

the last contract. 

 

Figure 11.2. Max Cost Savings (Percentage) of Adding Best Kin Projects during the Process of 
Project Selection for Bundling 
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The bundling results are summarized in Table 11.8. Table 11.8(a) shows the results for the 

selected projects in first contract. At the first step of the selection process, an R10 project was 

selected as the lead project (the one with highest stand-alone cost) for the current contract. 

Therefore, the actual letting date of this contract was determined to be Year 2017, and all the kin 

projects were “forced” to move from their originally planned letting year to Year 2017. The 

remaining 20 projects shown in the table are the best kin projects selected for the contract. The 

order of the kin projects in the table represents the sequence of these projects being added into the 

contract. It can be found that the first kin project added to the contract has the same project type 

and the same planned letting year with the lead project. It was chosen as the first added project 

because it provides the maximum cost saving percentage (MCSP) to the contract at that moment. 

Then, two more R10 projects (one planned for Year 2018 and one for Year 2012) were added to 

the contract. It was noticed that there was one R10 added later at step 12. This is because this 

project was original planned for Year 2010. Delaying it by seven years results in a large amount 

of letting year rescheduling cost. Therefore, this R10 project is less favorable to the contract than 

the projects added before it, even though it has higher project similarity. From Steps 5 to 7, three 

R4 projects were added. According to the similarity distance matrix (Table 5.X) developed in 

Section 5.1.6, R4 is the project type that is most similar to R10 (with a smallest similarity distance 

of 0.137). A R5 project was then added at the 8th step. According to the similarity distance matrix, 

R5 is the second most similar project type for R10.  

Table 11.8(b) presents the bundling results at a contract level. The order of the contracts 

presented in the table indicates the order of contracts being established when running the algorithm. 

As discussed before, the algorithm searches for bundling solutions for each contract from more 

expensive to less expensive ones sequentially. The first established contract is the most expensive 

one, and the first five contracts are much more expensive than the remaining ones. The total 

adjusted contract cost of all the contracts is $39.169 million, which is lower than the costs of each 

of the other bundling plans presented in Section 11.1.3. This is because the bundling plan generated 

by the proposed algorithm takes both project similarity and temporal closeness of the letting years 

into account during the project selection process. It also considers the effect of bundle size for 

different project types. In the example shown, the bundle size of the established contracts varies 

greatly. For example, 21 projects were bundled into the first contract, while the program selected 

the 6th, 7th, 8th, 10th projects to be stand-alone projects.  
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 Table 11.8(c) presents the outcomes of the produced bundling plan in terms of other 

contract performance measures (project duration, cost and time overrun risk, and competition 

levels). The estimated total project duration of all 11 projects is 2,614 days. The estimated 

probabilities of average time overrun and cost overrun for all the contracts are 0.655 and 0.352, 

respectively. Also, the probabilities are 0.218, 0.425, 0.237, 0.092 and 0.028 for the five bidding 

competition levels indicated in Table 11.8(c). These contract performance measures are outputs of 

the generated bundling plan and were not considered as inputs during the project selection process. 

In Section 11.2.6, these metrics are included in the optimization framework by adding some 

constraints and the analysis is carried out to investigate how the inclusion of these constraints 

affects the bundling results. 

Table 11.8 Bundling Results of Using the Proposed Algorithm 

(a) Bundling Results of Projects in the First Contract (Contract 1 in Table 11.8(b)) 

P.  Planned 
Letting 
Year 

Project Type Lead/ 
Kin 

Project 

Cost ($million) 
Stand-

alone Cost 
Project 
Award 

 

Adjusted 
Project 
Cost 

1 2017 
(Actual) R10-Pavement Replacement Lead $5.435 $1.631 $1.631 

2 2017 R10-Pavement Replacement Kin $2.722 $0.816 $0.816 
3 2018 R10-Pavement Replacement Kin $2.391 $0.717 $0.753 

4 2012 R10-Pavement Replacement Kin $0.758 $0.227 $0.366 

5 2017 R4-Partial 3 Kin $1.456 $0.437 $0.437 
6 2014 R4-Partial 3 Kin $2.488 $0.746 $0.993 
7 2013 R4-Partial 3 Kin $2.110 $0.633 $0.927 
8 2015 R5-Road Rehabilitation  Kin $2.964 $0.889 $1.076 
9 2011 R4-Partial 3 Kin $2.027 $0.608 $1.077 
10 2014 R5-Road Rehabilitation  Kin $1.804 $0.541 $0.720 
11 2017 B4-Deck Replacement Kin $1.973 $1.452 $1.452 
12 2010 R10-Pavement Replacement Kin $4.580 $1.374 $2.677 
13 2016 B4-Deck Replacement Kin $1.733 $1.275 $1.403 
14 2016 B2-Bridge Replacement Kin $4.092 $2.676 $2.944 
15 2012 R4-Partial 3 Kin $1.485 $0.445 $0.717 
16 2009 R5-Road Rehabilitation Kin $2.161 $0.648 $1.390 
17 2010 R4-Partial 3 Kin $1.600 $0.480 $0.936 
18 2017 R4-Partial 3 Kin $0.884 $0.265 $0.265 
19 2017 B6-Bridge Deck Overlay Kin $0.879 $0.264 $0.264 
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Table 11.8 continued 

20 2017 B5-Bridge Widening Kin $1.148 $0.484 $0.484 
21 2017 R4-Partial 3 Kin $0.828 $0.248 $0.248 

Total $ 45.519 $ 16.86 $ 21.578 

(b) Contract Cost Results 

C. Letting 
Year 

Lead Project Type NBP ASF Total Cost ($ million)  
Unbundled Bundled 
Contract 

Cost 
Contract 
Award 

Adjusted 
Contract 

Cost 
1 2017 R10-Pavement Replacement 21 0.822 $ 45.519 $ 16.860 $ 21.578 
2 2010 B1-New Bridge 5 0.814 $   7.801 $   4.080 $   4.400 
3 2008 B5-Bridge Widening 20 0.757 $ 14.151 $   5.549 $   6.130 
4 2011 B2-Bridge Replacement 20 0.764 $   8.574 $   3.981 $   4.510 
5 2010 B2-Bridge Replacement 20 0.820 $   3.889 $   1.490 $   1.808 
6 2009 T3-Traffic Signals 1 1.000 $   0.152 $   0.152 $   0.152 
7 2008 T6-Lighting 1 1.000 $   0.152 $   0.152 $   0.152 
8 2008 T2-Signing 1 1.000 $   0.146 $   0.146 $   0.146 
9 2018 B7-Thin Deck Overlay 8 0.799 $   0.753 $   0.365 $   0.417 
10 2014 M2-Channel and Ditch Work 1 1.000 $   0.109 $   0.109 $   0.109 
11 2010 S1-Pipe Lining 2 1.000 $   0.175 $   0.122 $   0.122 

Total/Average 100 0.889 $ 81.420 $ 33.006 $ 39.524 
(OC) 

(c) Other Contract Performance Measures 

C. 
Estimated Project 
Duration (Days) 

Prob. of 
Cost 

Overrun 

Prob. of 
Time 

Overrun 

Estimated Probability of  
Competition Levels 

5%  50%  95%  1 2 3 4 5 
1 176 470 1259 0.960 0.129 0.456 0.445 0.080 0.015 0.004 
2 113 388 776 0.826 0.670 0.134 0.345 0.346 0.139 0.037 
3 127 435 870 0.696 0.683 0.140 0.351 0.341 0.134 0.035 
4 134 460 920 0.664 0.584 0.109 0.311 0.367 0.166 0.046 
5 73 252 503 0.539 0.456 0.160 0.370 0.322 0.118 0.030 
6 14 95 282 0.611 0.318 0.203 0.479 0.200 0.088 0.029 
7 23 160 474 0.610 0.317 0.366 0.463 0.115 0.042 0.013 
8 14 94 279 0.609 0.313 0.119 0.413 0.267 0.147 0.053 
9 28 94 189 0.494 0.118 0.397 0.399 0.156 0.039 0.009 
10 26 72 195 0.689 0.131 0.151 0.474 0.274 0.081 0.022 
11 34 95 262 0.510 0.154 0.164 0.627 0.144 0.041 0.024 
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Table 11.8 continued 

Total/ 
Average 762 2614 6009 0.655 0.352 0.218 0.425 0.237 0.092 0.028 

Note: P is the project; C is the contract; NBP is the number of bundled projects; ASF is the average 
similarity factor; Adjusted Cost = Award + Rescheduling Cost; OC(overall cost) is the total adjusted 
contract cost. 

11.2.4 Analysis of Stopping Threshold 

The limitation of the greedy approach is that it focuses on the local optimum at each stage without 

considering the choices for all the stages globally. In our problem setting, the program searches 

exhaustively for all possible kin projects for the current contract until there are no more cost 

savings. At each stage, the search provides a local optimal bundling solution for the current 

contract without considering the consequences of later contracts. Therefore, the program gives 

greater priority to contracts that are established earlier in the analysis process (which is desirable 

to some degree, as discussed earlier). As shown in Figure 11.2 in the previous section, the project 

selection stops adding kin projects when the MCSP is smaller than 0% (the stopping threshold). 

In this section, we carried out analyses to investigate whether the local optimal solution can be 

improved if the program stops earlier at each stage, by changing the stopping threshold (ST) from 

0% to larger values.  

Using the same example as above, the analysis was repeated using the proposed algorithm 

with 10 different stopping thresholds. Figure 11.3 illustrates how the project selection process is 

affected by three of the ten stopping thresholds (0%, 2%, and 6%). As discussed earlier, each cycle 

of the curve represents a searching stage, showing how the MCSP changes by adding one more 

best kin project to the current contract. The length of a cycle is the bundle size determined by the 

program for the current contract. In the example, the bundle size of the first contract was marked 

in the figure for each of the three stopping thresholds. With a larger stopping threshold, the 

program stops adding kin projects earlier at each searching stage, which leads to a smaller average 

bundle size for a contract. With a 0% stopping threshold (ST), the program stops after adding the 

21th project; With a 2% ST, the program stops after adding the 18th project.  With a 6% ST, the 

program stops when the bundle size reaches 13.  

If the cost saving percentage gained by adding a project to the current contract is smaller 

than a certain value, then adding the project to a later contract might be more beneficial in terms 
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of the overall cost savings globally. Therefore, it is expected that, with an appropriate stopping 

threshold, although the total cost saving at the first stage becomes smaller compared to when the 

0% ST is used, the overall cost savings gained during all the searching stages might be higher. 

 

Figure 11.3 Max Cost Savings (Percentages) Corresponding to Different Stopping Thresholds 

 

Table 11.9 and Figure 11.4 summarize the bundling results of all the different stopping 

thresholds (STs) evaluated in terms of cost and other contract performance measures. As the ST 

increases from 0% to 10%, the average bundle size decreases, and the total number of contracts 

increases from 11 to 17. The overall cost decreases and then increases as the ST increases from 0% 

to 10%. Five percent was found to be the best ST in this example, with an overall cost of $36.306 

million, 8% lower than the solution with ST=0%.  
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Table 11.9 Bundling Results Under Different Stopping Thresholds 

Stopping 
Threshold 

Nr of 
Contracts 

Overall Cost 
($ million) 

Total Project 
Duration 
(Median) 

Prob. 
Cost 

Overrun 

Prob. 
Time 

Overrun 

Prob. 
low-level 

Comp. 
0% 11 $39.524  2614 0.8401 0.3442 0.2182 
1% 11 $38.606  2592 0.8303 0.3674 0.2123 
2% 11 $37.271  2790 0.8350 0.4397 0.2513 
3% 11 $37.070  2740 0.8005 0.4906 0.2193 
4% 12 $37.150  2721 0.7893 0.4664 0.2066 
5% 12 $36.306  2790 0.7748 0.4526 0.2101 
6% 14 $36.713  3093 0.7459 0.4263 0.1961 
7% 15 $37.089  3149 0.7297 0.4350 0.1901 
8% 15 $37.417  3267 0.7153 0.4371 0.1804 
9% 17 $37.688  3352 0.7152 0.4331 0.1857 
10% 17 $38.333  3536 0.7184 0.4336 0.1759 

 

      
(a) Overall Contract Cost            (b) Other Contract Performance (Avg. Values) 

Figure 11.4 Bundling Results for Different Stopping Thresholds 

 

Table 11.10 presents the bundling results for the best stopping threshold (5%). Compared 

to the results from using 0% ST, the bundle size of the first contract is reduced from 21 to 14, and 

the total number of contracts increased from to 11 to 12.  The overall cost is reduced from $39.169 

million to $36.306 million. With an appropriate stopping threshold, the algorithm generates a 

bundling solution that is closer to the global optimum. 
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Table 11.10. Bundling Results of Using the Proposed Algorithm (with the Best Stopping 
Threshold (5%)) 

(a) Contract Cost Results 

C 
Letting 
Year 

Lead Project Type NBP ASF 

Total Cost ($ million)  
Unbundled Bundled 

Contract 
Cost 

Contract 
Award 

Adjusted 
Contract 

Cost 
1 2017 R10-Pavement Replacement 14 0.832 $ 36.533 $ 12.564 $ 15.754 
2 2010 B1-New Bridge 5 0.797 $   8.285 $   4.432 $   4.767 
3 2009 R5-Road Rehabilitation 17 0.812 $ 17.193 $   5.840 $   6.623 
4 2017 B5-Bridge Widening 24 0.757 $ 10.492 $   3.215 $   4.165 
5 2011 B2-Bridge Replacement 14 0.747 $   5.159 $   2.634 $   2.777 
6 2010 B2-Bridge Replacement 13 0.794 $   2.387 $   0.964 $   1.161 
7 2009 T3-Traffic Signals 1 1.000 $   0.152 $   0.152 $   0.152 
8 2008 T6-Lighting 1 1.000 $   0.152 $   0.152 $   0.152 
9 2008 T2-Signing 1 1.000 $   0.146 $   0.146 $   0.146 
10 2018 B7-Thin Deck Overlay 7 0.868 $   0.637 $   0.334 $   0.379 
11 2014 M2-Channel and Ditch Work 1 1.000 $   0.109 $   0.109 $   0.109 
12 2010 S1-Pipe Lining 2 1.000 $   0.175 $   0.122 $   0.122 

Total/Average 100 0.884  $ 81.420  $ 30.665  
 $ 36.306 

(OC)  
Note: C is the contract; NBP is the number of bundled projects; ASF is the average similarity factor; 
Adjusted Cost = Award + Rescheduling Cost; OC (overall cost) is the total adjusted contract cost. 

(b) Other Contract Performance Measures 

Cont. 

Estimated Project 
Duration (Days) Prob. Cost 

Overrun 

Prob. 
Time 

Overrun 

Estimated Probability of  
Competition Levels 

5%  50% 
Median  

95%  1 2 3 4 5 

1 170 456 1221 0.834 0.441 0.363 0.497 0.111 0.022 0.006 
2 118 403 806 0.837 0.679 0.133 0.343 0.347 0.140 0.037 
3 148 396 1061 0.735 0.310 0.088 0.423 0.341 0.113 0.036 
4 118 406 812 0.786 0.641 0.178 0.384 0.306 0.106 0.027 
5 99 340 680 0.613 0.371 0.085 0.269 0.383 0.203 0.060 
6 53 182 364 0.495 0.247 0.284 0.418 0.221 0.062 0.015 
7 14 95 282 0.611 0.318 0.203 0.479 0.200 0.088 0.029 
8 23 160 474 0.610 0.317 0.366 0.463 0.115 0.042 0.013 
9 14 94 279 0.609 0.313 0.119 0.413 0.267 0.147 0.053 
10 27 91 182 0.467 0.115 0.387 0.402 0.161 0.040 0.009 
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Table 11.10 continued  

11 26 72 195 0.689 0.131 0.151 0.474 0.274 0.081 0.022 
12 34 95 262 0.510 0.154 0.164 0.627 0.144 0.041 0.024 

Total/ 
Average 844 2790 6619 0.650 0.336 0.210 0.433 0.239 0.091 0.028 

 

The best stopping threshold is not always 5%. To show how bundling results are affected 

by stopping thresholds in different cases, the ST analysis was carried out for 100 randomly-

generated candidate pools (each with 100 randomly-selected projects). Table 11.11 presents the 

overall cost results under varying stopping thresholds for the first 20 randomly-generated cases.  

 

Table 11.11 Total Contract Cost Comparison Between Bundling Strategies with Different 
Stopping Thresholds (for the first 20 Random Cases) 

 
Cases  

 Stopping Threshold  
 Best 0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10% 

 Overall Cost ($million)  
1 $56.8  $55.3  $54.1  $53.6  $53.3  $54.5  $54.9  $55.6  $55.8  $55.9  $58.7  4% 
2 $47.3  $46.2  $46.7  $45.7  $45.7  $45.6  $45.3  $45.1  $45.0  $45.5  $45.9  8% 
3 $44.2  $43.3  $41.9  $42.0  $41.6  $41.5  $41.4  $41.3  $41.0  $41.5  $42.2  8% 
4 $42.0  $41.8  $40.5  $40.7  $39.6  $39.7  $40.5  $40.7  $40.6  $41.3  $44.4  4% 
5 $42.1  $40.3  $39.8  $39.5  $38.0  $38.3  $38.1  $37.7  $38.1  $39.2  $38.9  7% 
6 $31.5  $31.2  $30.9  $30.5  $30.2  $30.4  $31.1  $32.4  $33.9  $33.9  $33.9  4% 
7 $42.4  $40.2  $40.0  $40.2  $39.4  $39.2  $39.2  $39.2  $39.2  $39.9  $39.3  5% 
8 $46.9  $47.5  $46.7  $45.9  $45.1  $44.4  $44.2  $45.1  $45.3  $45.4  $45.1  6% 
9 $40.9  $38.5  $38.6  $38.3  $38.3  $38.7  $38.8  $38.8  $38.8  $39.1  $54.5  3% 
10 $45.0  $43.4  $43.3  $41.7  $40.9  $40.9  $40.8  $40.6  $40.9  $40.9  $41.4  7% 
11 $53.5  $53.2  $52.8  $52.1  $49.5  $49.6  $50.2  $50.2  $50.3  $50.1  $51.4  4% 
12 $41.6  $39.8  $38.0  $37.5  $37.6  $37.6  $38.1  $37.9  $38.2  $38.7  $39.8  3% 
13 $38.3  $38.3  $37.9  $38.6  $37.9  $38.6  $38.7  $39.5  $40.1  $40.9  $41.6  4% 
14 $46.9  $46.2  $45.9  $45.7  $45.5  $45.4  $44.8  $45.1  $45.2  $47.1  $47.2  6% 
15 $44.2  $43.8  $42.8  $42.7  $42.4  $42.9  $42.3  $42.1  $44.0  $44.6  $44.8  7% 
16 $48.2  $46.0  $45.0  $43.9  $43.4  $43.4  $43.0  $43.3  $43.9  $44.0  $47.0  6% 
17 $39.1  $37.8  $37.5  $36.5  $36.3  $36.3  $35.5  $35.6  $35.6  $36.2  $37.1  6% 
18 $61.2  $60.0  $58.4  $58.1  $57.9  $58.7  $59.4  $59.5  $59.5  $60.0  $60.4  4% 
19 $52.2  $51.5  $51.0  $50.6  $49.2  $50.5  $50.4  $49.8  $50.1  $50.3  $52.8  4% 
20 $55.8  $55.7  $53.9  $53.5  $53.1  $53.3  $53.6  $53.4  $53.7  $53.3  $55.2  4% 

 

Figure 11.5 presents, for each of the first 20 random cases, the percentage difference of the 

overall cost between a certain threshold with the 0% threshold. A negative percentage difference 
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indicates a lower overall cost compared to the original bundling solution (0% threshold). The 

diamond mark represents the best stopping threshold (the one with the largest negative percentage 

difference) for each random case. In the 20 cases, all the best stopping thresholds are between 3% 

and 8%, with most cases in the range of 4% to 6%.  

 
Figure 11.5 Overall Cost Percentage Difference between Bundling Strategy with 0% Stopping 

Threshold and Strategies with Other Stopping Thresholds (for the First 20 Random Cases) 
 

Figure 11.6 presents the results for all 100 cases. Most cases follow a similar pattern: the 

cost percentage difference decreases first, then increases. It appears that the best threshold, in most 

situations, is within the 0% to 10% range. The thicker red line in the middle represents, for each 

threshold, the average overall cost percentage difference for all the 100 cases. The lowest point is 

between 4% and 5%. Figure 11.7 presents the distribution of the best stopping thresholds for the 

100 cases. Sixty-four percent of the best thresholds are distributed between 4% and 7%, and 91% 

of the best thresholds are distributed between 3% and 8%. Also, 5% is most likely (in 24% of the 

cases) to be the best threshold among the 10 tested stopping thresholds. 
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Figure 11.6 Overall Cost Percentage Difference between Bundling Strategy with 0% Stopping 

Threshold and Strategies with Other Stopping Thresholds (for the 100 Random Candidate Pools) 
 

 
Figure 11.7 Distribution of Best Stopping Threshold of the 100 Randomly-generated Candidate 

Pools 
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11.2.5 Comparison of Bundling Results Using Proposed Algorithm and Other Bundling Criteria  

In this section, the proposed bundling selection method was compared to the three bundling criteria 

discussed in Section 11.1 (bundled by project similarity, bundled by letting year, and bundled by 

random selection). Table 11.12 presents the bundling results of the proposed algorithm and other 

bundling strategies for the 100 projects used in Section 11.1.1. 

Table 11.12 Comparison of Bundling Results for Different Bundling Strategies 

Contract 
Avg. 
ASF 

Contract Cost ($million) 
Other Contract Performance 

Measures 

Total 
Contract 
Award 

Total 
Adjusted 
Contract 

Cost 

Total 
Project 

Duration 

Avg. 
Prob. 
Cost 

Overrun 

Avg. Prob. 
Time 

Overrun 

Avg. Prob. 
Low-Level 

Comp. 

Unbundled 1.000 $81.42  $81.42  12508 0.666 0.363 0.262 
By Random 0.707 $44.58  $58.51 2720 0.785 0.562 0.310 
By Cluster 0.874 $35.01  $47.00  2377 0.672 0.392 0.299 
By Year 0.738 $41.55  $41.55  3009 0.724 0.482 0.298 
Proposed Method 
(ST 0%) 

0.889 $33.01  $39.52  2614 0.655 0.352 0.218 

Proposed Method 
(ST 5%) 

0.884 $30.66  $36.31  2795 0.650 0.336 0.210 

Note: ST is stopping threshold 

 

The 100 randomly-generated candidate pools (each with 100 randomly-selected projects) 

were used to compare the bundling results of different bundling strategies. The results are 

presented in Figure 11.8(a), ordered by costs of the projects if they were standalone. The blue line 

represents the overall cost if all projects are unbundled. The red and orange lines represent the 

overall cost for the two bundling criteria based on letting year and based on project similarity. The 

two strategies produced similar results for overall costs for the 100 cases. In terms of the random 

bundling strategy, 1000 different random bundling plans were produced for each of the 100 cases. 

The black line and the two grey dash lines represent the overall cost at the 5th percentile, median 

and 95th percentile associated of the 1,000 bundling plans. The green line represents the overall 

costs produced by the proposed algorithm (with a 5% ST).  
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Comparing these curves, it was found that the 95% bound of the overall cost of using 

random bundling strategies significantly exceeds the costs of unbundled cases at many cases, 

indicating that bundling projects without a system can lead to increased costs. The criteria of 

bundling by project similarity and bundling by letting year in a few cases produced higher costs 

than without bundling. There are several reasons for this: (1) bundling does not always reduce cost 

for all project types; (2) increasing bundle size does not always lead to lower cost; (3) bundling 

projects that were not originally scheduled for the same letting year introduces additional costs 

due to the rescheduling. Based on the extensive tests, the proposed algorithm always produces the 

lowest overall cost compared to all the other bundling criteria.  

Figure 11.8(b) presents the percentage difference of the overall costs between each of the 

evaluated strategy and the unbundled cases. The bundling plans generated by the proposed 

algorithm yields an average of 50% cost savings compared to the unbundled case. This is much 

higher than for all the other bundling criteria. 

 

 

(a) Overall contract costs 
Figure 11.8 Comparison between the Proposed Strategy and Other Benchmarks for 100 Random 

Cases (with Sample Size =100 projects) 
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Figure 11.8 continued 

 
(b) Total cost saving percentages (compared to unbundling case) 

 

The same analysis was then carried out for project candidate pools with different sample 

sizes. Figure 11.9 presents the bundling results for an increased sample size (from 100 to 800 

projects). It was observed that, as the size of the candidate project pool increases, all the bundling 

strategies lead to greater cost reductions compared to the unbundled case, but the cost saving 

percentages are approximately constant across the sample sizes. It was observed that bundling by 

letting year and project similarity are associated with around 20%-30% cost savings percentage. 

The median cost saving percentage for the 1000 randomly-generated bundling plans is 

approximately 20%. Also, the bundling plans generated by the proposed algorithm produced an 

average cost saving of approximately 50%. 
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(a) Overall Cost ($million) 

 
 (b) Total cost saving percentages 

Figure 11.9 Comparison between the Proposed Strategy and Other Benchmarks for 8 Random 
Cases (with Varying Sample Size from 100 to 800) 
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11.2.6 Analysis of Adding Constraints 

11.2.6.1 Cost/Time Overrun Constraints 

In the proposed optimization framework, only the overall project cost is included in the objective 

function, and the process of selecting projects for bundling does not consider other contract 

performance measures such as cost and time overrun risks. For some project types, it was found 

(in Chapter 10) that the probability of a cost overrun or a time overrun for bundled projects might 

be much higher than in the unbundled case when the bundle size is too large. To avoid the high 

cost and time overrun risks due to large bundle sizes, the original algorithm was revised to include 

some constraints. 

From the cost/time overrun probability models developed in Chapter 10, as the bundle size 

(nr of bundled projects in the contract) increases, the cost overruns probability (COP) decreases 

first and then increases for Road, Bridge and Traffic work; and the COP always decreases for 

Miscellaneous work. In terms of time overrun probability (TOP), it was found that as the bundle 

size increases, the TOP decreases first and then increases for Bridge work, but increases first and 

then decreases for Road work; For Traffic work, the TOP always decreases; and for Miscellaneous 

work, the TOP always increases. When including the cost/time overrun constraints in the proposed 

algorithm, only the project types with COP/TOP always increasing as bundle size increases and 

those with COP/TOP decreasing first then increasing, were considered.  

Figure 11.10 illustrates how the inclusion of the time/cost overrun constraints influences 

the bundling results of overall cost. The original bundling plan for a contract stops at the “Original 

Stopping Point” marked in Figure 11.10. With the time/cost overrun constraints, the revised 

algorithm stops at a searching step when the cost overrun probability (COP) or time overrun 

probability (TOP) exceeds the minimum cost overrun probability (Min_COP) or the minimum 

Time Overrun Probability (Min_TOP) by a certain threshold (COP threshold) during the project 

selection process. The percentage difference between the COP and Min_COP (∆	𝐶𝑂𝑃) and the 

percentage difference between TOP and Min_TOP (∆	𝑇𝑂𝑃) are defined in Equation 11.8 and 

Equation 11.9, respectively.  

∆	𝐶𝑂𝑃 = (𝐶𝑂𝑃	 − 	𝑀𝑖𝑛_	𝐶𝑂𝑃)/𝑀𝑖𝑛_	𝐶𝑂𝑃	 ∗ 100%	     Equation 11.8 

∆	𝑇𝑂𝑃 = (𝑇𝑂𝑃	 − 	𝑀𝑖𝑛_	𝑇𝑂𝑃)/𝑀𝑖𝑛_	𝑇𝑂𝑃	 ∗ 100%	     Equation 11.9 
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Figure 11.10. Conceptual Illustration of the Inclusion of Cost/Time Overrun Constraint 

 

The diagram in Figure 11.10 is just a conceptual illustration. In real cases, the cost/time 

overrun curve in the figure is not as smooth as what is shown in the figure. This is because the 

cost/time overrun probabilities are not only affected by the bundle size but also by the contract 

size (cost). As more kin projects are added into the current contract, not only does the bundle size 

increase, but also the contract cost increases (which leads to higher overrun risk). The curves in a 

more realistic setting are presented in Figure 11.11. As seen in the realistic curves, there are higher 

variations at the beginning when the bundle size is small. For example, the general trend of the 

COP for a Bridge work decreases first and then increases with increasing bundle size. However, 

in the realistic case, the COP might increase slightly at the very beginning before it decreases due 

to the significantly increased contract cost by adding the first few kin projects. To avoid a searching 

stage stopping too early due to such variations at the beginning, the COP/TOP constraints were 

only considered for contracts with more than 5 projects. 
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Figure 11.11 Realistic Curve of Cost Overrun Probability with Increasing Bundle Size 

 

11.2.6.1.1 Modified Algorithm 

In this section, the original algorithm is revised to include the COP/TOP constraints. In the revised 

algorithm, although overall cost is still the only factor considered when selecting the best kin 

projects for the current contract, the COP and TOP constraints are included to determine if the best 

kin should be added to the contract. In the application, we apply the constraints to contracts with 

more than 5 projects only, to avoid the searching stage stopping too early due to the variations at 

the beginning, as discussed earlier. The revised algorithm after including the COP constraint is 

presented below (the sentences in bold indicate the revisions made to the original algorithm). The 

algorithm can be revised in the same way to include the TOP constraint. The revised algorithm is: 

1. Establish the pool of candidate projects. Estimate the stand-alone cost STCp for each 

project p in the candidate pool. Estimate the Cost Overrun Probability (COP) for the 

current contract, and initialize Min_COPi = COPi; 

2. Set the most expensive project lp in the candidate pool as the lead project of the current 

contract i; then set the collection of remaining projects as the new candidate pool. 

3. Initialization: Initialize the contract cost CCi for the current contract as STClp and the 

maximum cost saving percentage MCSPi = 0;  

4. Search for best kin projects for the current contract i from the candidate pool: 

(a) For each candidate kin project k:  

i. Add kin k to the current contract, and update all the contract-related variables 

(NBPi, NBi, ASFi) in the current contract i; 
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ii. Calculate the overall cost New_Ci,k for the current contract i after adding kin k;  

iii. Calculate the cost saving percentage (CSPi,k) due to the addition of kin k to the 

current contract i: CSPi,k = (CCi + STCk  - New_Ci,k)/( CCi + STCk )*100%; and 

update MCSPi = max(MCSPi, CSPi,k); 

iv. Remove the candidate kin k from the current contract. 

(b) Identify the “best” candidate kin bk associated with a cost saving percentage CSPi,k 

equal to the maximum cost saving percentage (MCSPi) for the current contract i. 

If MCSPi >ST: 

i. Calculate COPi for the current contract; 

ii. Update Min_COPi = min(Min_COPi, COPi); 

iii. Check for cost overrun constraint:  

o If NBP <=5 or (COP - Min_ COP)/Min_ COP *100% < COP_Threshold:  

Add it to the current contract i and remove kin k from the candidate pool, 

and update CCi = New_Ci. Then go back to step 4(a); 

o Else: Break the current loop. 

Else: Break the current loop. 

5. Save the current contract. Repeat steps 2-5 to establish the next contract bundle, until 

there is no project left in the candidate pool.  

11.2.6.1.2  Application of the Modified Algorithm 

To illustrate the application of the revised algorithm after including the cost/time overrun 

probability constraint, 100 projects were randomly selected. Figures 11.12(a)-(c) illustrate, with 

and without the COP constraint, the change of the cost overrun probability during the project 

selection process. Each yellow curve represents the COP trend during the searching stage of one 

contract. Each black dashed line represents the minimum COP to that point during each searching 

stage. When there is no constraint, the searching stage for a contract ends when the maximum cost 

saving percentage is lower than the stopping threshold (5% was used here). When a constraint is 

considered, the searching stage ends when either the constraint is not met or when the stopping 

threshold is reached. The red diamonds indicate the searching process stopped due to the COP/TOP 

constraints (the difference between COP/TOP and Min_COP/Min_COP exceeds the COP/TOP 

threshold).  
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As shown in Figure 11.12, when there is no constraint (Figure 11.12(a)), the first contract 

stopped adding projects when the bundle size increased to 17 (when the 5% stopping threshold 

was reached).  When the COP constraint was added with a COP threshold of 10%, the first stage 

stopped at bundle size 12 when a COP threshold was reached. (The current COP is more than 10% 

higher than the minimum COP.) During the entire searching process, there were three searching 

stages stopped due to the COP constraints (the three red diamonds). The average COP reduces 

from 0.7 (no constraint) to 0.638 (COP threshold = 10%). When the COP threshold decreases 

further to 0% (the strictest constraint), the number of stoppings due to COP constraints increases 

to 10. The average COP reduces further to 0.606. However, as a tradeoff, the overall cost increases 

significantly to $47.942 million. 

 

 

 
(a) With no constraint 

 
(b) COP Constraint Threshold = 10% 

Figure 11.12. Change of Current and Minimum Cost Overrun Probability (COP) during the 
Project Selection Process 
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Figure 11.12 continued 
 

 
(c) COP Constraint Threshold = 0% 

 

Figures 11.13(a)-(c) present the change of time overrun probability (TOP) during the 

searching process. The TOP constraints were not considered for project types that have decreased 

time overrun probability due to large bundle size. In Figure 11.13(a), the lead project of the first 

contract is Road work, and the time overrun probability for the Road work increases first and then 

decreases as the bundle size increases. The time overrun probability of the two small structures 

(SS) work decreases as the bundle size increases. Therefore, the TOP constraints were not 

considered for the three contracts.  

In Figure 11.13(b), with a TOP threshold 20%, the searching process stopped due to the 

TOP constraints for four contracts. With the TOP threshold decreasing to 0%, the searching stage 

stopped for 9 contracts due to the TOP constraints, as shown in Figure 11.13(c). The Avg. TOP 

decreases in general, but not always, as the TOP threshold decreases. In this example, the average 

time overrun probability increases when the TOP threshold decreased to 0% (strictest constraint). 

This is because, with no project left in the candidate pool, the searching stage for the last contract 

(Road work) stopped before the TOP started decreasing. This resulted in a high TOP of 0.68. If 

the last contract is excluded, the Avg. TOP for the other contracts is only 0.36. 
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(a) No Constraint 

 
(b) TOP Constraint Threshold = 20% 

 
(c) TOP Constraint Threshold = 0% 

Figure 11.13. Change of Current and Minimum Time Overrun Probability (TOP) during 
the Project Selection Process 
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Tables 11.13(a) and (b) present the bundling results of applying the revised algorithm on 

the 100 projects when only the COP constraint is applied and when only TOP constraint is applied, 

respectively. Different COP and TOP thresholds, ranging from 0% to 30%, were applied. As 

shown in Table 11.13, when there is no constraint, the 100 projects were bundled into 11 contracts, 

with an overall cost of $33.242 million. The average COP and TOP for the 11 contracts are 0.7 

and 0.455, respectively. With a lower threshold (a tighter constraint), the program stops adding 

kin projects earlier than when a larger threshold (less strict constraint) is used or when there is no 

constraint. When the COP threshold is 30%, there is no difference in the bundling results compared 

to when no constraint is used. This is because the program stopped adding kin projects (due to the 

stopping threshold) before the COP threshold (30%) was reached at each stage. As the COP 

threshold decreases further, the constraint becomes stricter, and the number of stoppings due to 

COP constraints increases. As a result, the average cost overrun probability decreases. As a 

tradeoff, the overall cost increases. For the results for time overrun probability constraints, as the 

TOP threshold decreases from ∞ to 0%, the number of stoppings due to TOP constraints increases 

from 0 to 9, and the average time overrun probability decreases from 0.455 to 0.380 and as the 

tradeoff, the overall cost increases from $33.34 million to $39.62 million.  

 

Table 11.13. Bundling Results Under Different Constraint Thresholds 
(a) COP Constraint Only 

COP 
Threshold 

Nr of 
Contracts 

Overall 
Cost 

($million) 

Avg. Cost 
Overrun 

Probability 

Avg. Time 
Overrun 

Probability 

Nr of 
Stoppings 

Due to COP 
Constraints 

NC 11  $33.342  0.700 0.455 0 
30% 11  $33.342  0.700 0.455 0 
25% 12  $33.220  0.670 0.432 1 
20% 12  $33.555  0.663 0.437 1 
15% 12  $33.275  0.661 0.443 1 
10% 13  $34.339  0.638 0.442 3 
5% 15  $37.363  0.667 0.427 4 
0% 22  $47.942  0.606 0.378 10 
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Table 11.13 continued 

(b) TOP Constraint Only 

TOP 
Threshold 

Nr of 
Contracts 

Overall 
Cost 

($million) 

Avg. Cost 
Overrun 

Probability 

Avg. Time 
Overrun 

Probability 

Nr of 
Stoppings 

Due to TOP 
Constraints 

NC 11 33.342 0.700 0.455 0 
30% 13 33.665 0.647 0.397 4 
25% 13 33.900 0.653 0.398 4 
20% 15 34.143 0.628 0.369 4 
15% 16 34.557 0.635 0.370 6 
10% 16 35.109 0.651 0.399 6 
5% 18 36.471 0.649 0.368 7 
0% 20 39.620 0.678 0.380 9 

(a) Both COP and TOP Constraints 

COP/TOP 
Threshold 

Nr of 
Contracts 

Overall 
Cost 

($million) 

Avg. Cost 
Overrun 

Probability 

Avg. Time 
Overrun 

Probability 
Nr of COP 
Constraints 

Nr of TOP 
Constraints 

10 11 33.342 0.700 0.455 0 0 
1.3 13 33.665 0.647 0.397 0 4 
1.25 14 34.088 0.651 0.398 1 4 
1.2 15 34.354 0.654 0.400 1 5 
1.15 16 34.077 0.628 0.395 1 6 
1.1 18 35.747 0.613 0.382 1 7 
1.05 22 40.428 0.629 0.366 5 6 

1 27 54.419 0.638 0.376 10 5 
Note: NC means no constraint 

 

11.2.6.2 Bidding Competition Constraint 

Another factor to be considered when determining project bundling strategy is the bidding 

competition associated with a contract. Large bundle sizes generally lead to lower bidding 

competition. When a contract is too large, only large contractors are left in the bidding market, 

which can hurt small business. In this section, the proposed algorithm is revised to include a 

bidding competition constraint that reduces the probability of a contract having a low-level of 

bidding competition (i.e., only 1-2 bidders submit bids for a contract).  
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According to the bidding competition level models developed in Chapter 6, the probability 

of low-level bidding competition increases as bundle size increases for all work categories except 

for Traffic work. The algorithm is revised in the similar way as in the previous section by 

comparing the current probability of low competition (PLC) with the minimum PLC so far at each 

searching step for a contract. The searching stage stops either when the absolute difference 

(Equation 11.10) between the PLC and the minimum PLC exceeds the PLC threshold or when the 

stopping threshold is reached. 

∆	𝐿𝐿𝐶𝑃 = 𝐿𝐿𝐶𝑃 − 	𝑀𝑖𝑛_	𝐿𝐿𝐶𝑃      Equation 11.10 
 

The revised algorithm was applied to the same example (100 projects) used in Section 

11.2.6.1. Figure 11.14 presents the probability of low competition (PLC) at each searching step 

for each contract. As shown in Figure 11.13(a), the first contract selected is Road work. The PLC 

increases as more projects are bundled into the contract, but there is a sudden drop at the 12th 

searching step. This is because a Bridge project was added into the contract at the 12th step. From 

the developed models, Road contracts with Bridge projects as kins are associated with higher 

bidding competition level. Therefore, the inclusion of the first Bridge project into a Road contract 

leads to a significant drop in the PLC. The lead project of the second selected contract is Bridge 

work. The PLC of this contract increases as bundle size increases, and there is a jump at the 8th 

step. This is because the developed models indicate that a Bridge contract, when bundled with a 

Road project, has a lower bidding competition level (i.e., a higher probability of being at a low 

competition level).  

Figure 11.14(b) presents the PLC during the search process, when a PLC constraint is 

included in the algorithm with a threshold of 0.2. The searching stages stopped due to the LCCP 

constraint for three contracts (marked in red diamonds). As the threshold decreases to 0.1 (a stricter 

constraint), the number of contracts increases significantly to 19. Nine times project bundling 

stopped due to the LCCP constraint, as shown in Figure 11.13(c). For the Bridge contracts, the 

searching steps stopped very early (before a Road project is added to the contract), because the 

jump due to the inclusion of a Road project is larger than 0.1.   
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(a) No Constraint 

 
(b) PLC Threshold = 0.2 

 
(c) PLC Constraint Threshold = 0.1 

Figure 11.14 Change of Current and Minimum Probability of Low Competition (PLC) During 
the Project Selection Process 
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The bundling results of using different PLC thresholds are presented in Table 11.14. As 

the threshold decreases from Infinity (no constraint, NC) to 0.05, the number of stoppings due to 

PLC constraints increases from 0 to 13. The average cost overrun probability decreases from 0.179 

to 0.165, with a significant increase in the overall cost from $33.34 million to $56.05 million. 

Table 11.14. Bundling Results Under Different PLC Constraint Thresholds 

PLC 
Threshold 

Nr of 
Contracts 

Overall 
Cost 

($million) 

Avg. Cost 
Overrun 

Probability 

Avg. Time 
Overrun 

Probability 

Avg. Cost 
Overrun 

Probability 

Nr of 
Stoppings 

Due to 
PLC 

Constraints 
NC 11 33.342 0.700 0.455 0.179 0 
0.2 13 33.471 0.649 0.399 0.176 3 
0.15 19 39.928 0.636 0.392 0.170 8 
0.1 19 46.551 0.661 0.403 0.174 9 
0.05 26 56.047 0.641 0.406 0.165 13 

 

11.2.6.3 Tradeoff Analysis 

As discussed above, there is a tradeoff between the COP/TOP and the overall cost. For some 

contracts, to meet the COP/TOP constraints, the search process is forced to stop earlier, before it 

reaches the minimum overall cost. In this section, several random cases (each with 100 randomly 

selected projects) were generated to analyze the tradeoff between the COP/TOP and the overall 

cost due to the inclusion of COP/TOP constraints. 

Figure 11.15 shows how, if only the COP constraint is added, the tradeoff between the 

average cost overrun probability and the overall cost when the COP threshold decreases from 

Infinity (no constraint) to 0% (strict constraint). Despite some variations, the Avg. cost overrun 

probability generally decreases as the constraint becomes tighter. As a tradeoff, the overall cost 

increases. For most of the analyzed cases (except the last one), the overall cost increases only 

slightly at the beginning. However, as the constraint becomes tighter, the cost increase becomes 

very significant. The agency should choose a constraint threshold for which the cost overrun 

probability is capped without increasing the overall cost excessively. However, there is no 

consistent pattern over the different cases, due to the complexity of the problem and the different 

and unique properties of the different project types. Therefore, when analyzing a specific case, it 
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is recommended that a similar constraint analysis be carried out for determining the appropriate 

threshold rather than using a fixed predefined threshold. 

 

 

 

 
Figure 11.15. Trade-off between Cost Overrun Probability and Overall Cost 

(for 12 Cases each with 100 Randomly Selected Projects) 
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Figure 11.15 continued 

 

 
 

Figure 11.16 presents, for the 12 randomly-generated cases, the tradeoff between the 

average time overrun probability and the overall cost, if only the TOP constraint is added. Similarly, 

as the threshold becomes stricter, the average probability of time overrun decreases, with the 

overall cost increasing slightly at the beginning and then increasing more significantly. Compared 

to the average cost overrun probability, the average time overrun probability was found to 

generally decrease more significantly as the threshold decreases. 

 

 
Figure 11.16. Trade-off between Time Overrun Probability and Overall Cost 

(for 12 Cases each with 100 Randomly Selected Projects) 
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Figure 11.16 continued 

 

 

 

 
 

A similar analysis was carried out to investigate the tradeoff between the probability of low 

competition and the overall cost, under different PLC thresholds. The results are presented in 

Figure 11.17, each for a different candidate pool of 100 projects. It is observed that, as the PLC 
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threshold decreases, the average probability of low competition decreases and the overall cost 

increases. Compared to the COP and TOP constraints, overall cost and the probability of low levels 

of competition change more significantly as the PLC constraint becomes tighter.  

 

 

 

 
Figure 11.17 Trade-off between Probability of Low Competition and Overall Cost  

(for 12 Cases each with 100 Randomly Selected Projects) 
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Figure 11.17 continued 
 

 

11.3 Chapter Summary 

This chapter incorporates the statistical models developed in previous chapters to develop a 

framework for bundling strategy analysis and decisions. The first part of this chapter carries out 

scenario analysis to evaluate the outcomes, in terms of cost and other contract performance 

measures, of different bundling plans. This was based on several bundling criteria, including (1) 

bundling projects based on project similarity, (2) bundling projects by the planned letting year, 

and (3) bundling projects by random selection. The three criteria were applied to a pool of 100 

randomly generated projects. The first criterion is to bundle projects by similarity (based on the 

results of Ward’s clustering in Chapter 5). Projects that were classified into the same cluster 

(projects having similar pay-item distributions) were bundled into a contract. This is beneficial 

because, in the developed project cost models, average similarity factor is a significant variable 

for many project types: increasing project similarity reduces the project cost. With regard to the 

second criterion, projects that are originally planned for the same letting year were bundled into a 

contract. This is beneficial because moving a project from its planned letting year to a different 

year due to bundling is penalized in the analysis. For the random bundling strategy, 1,000 randomly 

generated bundling plans were analyzed. It was found that most of these plans produce higher 

overall cost compared to plans generated by the first two bundling criteria. Also, a small percentage 

of these plans produce even higher costs than that of standalone (unbundled) projects. This 
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indicates that bundling by random selection results in great uncertainty and can be risky in certain 

situations. 

In the second part of this chapter, the bundling problem was formulated as a combinatorial 

optimization problem. Due to the high complexity of the problem and the large number of cost 

models in the framework, solving the problem to obtain a globally optimal bundling solution is 

very expensive, particularly when the sample size is large. To solve the problem in a reasonable 

amount of time, a greedy approach was proposed in Section 11.2.2.  The problem is solved by 

iteratively generating a set of locally-optimal bundling solutions to approximate a global optimum; 

this reduced the time complexity from O(NN) to O(N2). Given a pool of candidate projects, the 

proposed framework identifies the best kin projects for each contract. It does this sequentially from 

more expensive contracts to less expensive ones. The application of the proposed algorithm was 

illustrated in Section 11.2.3 using the same pool of candidate projects generated for the bundling 

scenario analysis. In Section 11.2.4, the algorithm was revised slightly to address the limitation of 

the greedy method by introducing the concept of Stopping Threshold. The results show that, with 

an appropriate stopping threshold, the revised algorithm generates a bundling plan that is closer to 

the global optimum than is the original algorithm. In Section 11.2.5, hundreds of random cases 

were generated to compare the bundling results of the proposed algorithm and bundling plans 

generated by other criteria.  It was observed that the proposed algorithm always produces an overall 

cost that is lower than for all the other plans.  

In the initial proposed framework, only the overall cost is included in the objective function; 

the other contract performance measures are not considered during the process of selecting projects 

for bundling. Subsequently in Section 11.2.6, the algorithm was revised to include constraints to 

account for the other contract performance measures such as the risks of cost overruns and time 

overruns and low bidding competition. An analysis was carried out to evaluate the impacts of the 

inclusion of these constraints on the bundling results. The tradeoff between the different contract 

performance measures, overall cost vs. risk (cost overrun probability, time overrun probability, 

and probability of low competition levels) was investigated in Section 11.2.6.3.  It was found that, 

as any of these risk constraints becomes tighter, the overall cost might increase significantly. This 

result suggests that further analysis is needed to determine the appropriate threshold of risk 

(overruns or low competition) below which the overall cost is not too great. In practice, more 
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practical constraints can be added into the framework, such as location constraints and budget 

limits. 

The proposed optimization framework can be used by highway agencies as a guide to design 

long-term cost-effective bundling policies and strategies (project combinations and scheduling) 

for a large pool of candidate projects. And the proposed greedy algorithm provides a heuristic 

bundling solution in a polynomial time and with due considerations of specified practical 

constraints. 
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 SUMMARY AND CONCLUSIONS 

This chapter provides an overview and summary of this dissertation. In the following sections of 

this chapter, the results of analyses regarding the bundling-related hypotheses that were raised at 

the beginning of this dissertation, are discussed. The bundling effects in terms of various contract 

performance measures, were summarized and compared for the different project types and work 

categories. Then the practical implications of project bundling and recommended strategies for 

bundling are provided. Finally, the chapter discusses the contributions and limitations of this 

dissertation, and identifies some possible avenues for future work.  

12.1 Summary and Conclusions 

12.1.1 Overview of this Dissertation 

This dissertation has major parts: (1) a quantitative analysis of bundling effects on several key 

contract performance measures for the different highway project types, and (2) development of an 

optimization framework for identifying long-term cost-effective bundling strategies.  

In this dissertation, elements of a bundling strategy include several bundling-related 

variables, namely, bundle size, contract size (cost), bundling combinations, project similarity, and 

spatial proximity between bundled projects. In the quantitative analysis part of this dissertation 

(Chapters 5-10), statistical models were developed to quantify the effects of these bundling-related 

variables in terms of different contract performance measures. The analysis and models include: 

(1) clustering analysis for quantifying project similarity between different project types based on 

their pay-item cost distribution; (2) random-effect logistic models for predicting bidding 

competition; (3) corridor analysis and multivariate regression analysis for project cost and MOT 

cost; (4) survival analysis for estimating the distribution of project and contract duration, and (5) 

binary and ordinal logistic model and survival model for predicting the risks (likelihood and 

severity) of cost overrun and time delay. 

All the statistical models developed in the quantitative analysis part were incorporated into 

the optimization framework as model inputs. In Chapter 12, bundling scenario analysis was carried 

out on 100 randomly-selected past projects to evaluate the consequences of bundling plans 

generated by different bundling criteria, including (1) bundling by project similarity, (2) bundling 
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by letting year, and (3) bundling by random selection. An optimization framework was developed 

to identify a near-optimal bundling strategy. A greedy approach was proposed to approximate a 

heuristic solution for bundling that attempts to minimize the overall cost in a reasonable amount 

of computational time. The proposed algorithm divides the original problem into many 

subproblems (contracts) and solves them sequentially, from more expensive contracts to less 

expensive ones. For each subproblem, the algorithm focuses on finding a set of best kin projects 

for the current contract without considering all solutions to the remaining contracts. The proposed 

algorithm was revised in two ways: (1) adding a stopping threshold to ensure that the bundling 

solution is close to the global optimum and (2) adding constraints to control the contractual risks 

associated with bundling (probabilities of cost overrun, time overrun, and low competition). 

12.1.2 Answers to the Bundling-related Hypothesis 

The results in this dissertation validate or invalidate the nine hypotheses raised at the beginning of 

this research (in Section 1.2). 

(1) Bundling is generally an efficient way of reducing project cost. This is true if due 

considerations are given when making bundling decisions.  

(2) Project cost generally decreases as the bundle size (number of bundled projects) increases. This 

is true for some project types only. For other project types, bundling reduces the project cost 

only up to a certain threshold bundle size or, in some cases, increases the project cost. 

(3) Bundling compatible/similar projects and bundling projects located close to each other can 

enhance the benefits of bundling. This is true for many project types, particularly for the Road 

work category.   

(4) Bundling generally enhances the efficiency of maintenance of traffic work: This is true for 

most project types, particularly where projects are bundled along the same corridor.  

(5) Bundling generally reduces bidding competition, which has adverse effects on small business.  

This is true for most work categories, with the exception of Traffic work. 

(6) Bundling generally reduces overall project and contract durations. This is partly true. Bundling 

tends to reduce the project/contract duration for certain work categories, up to a certain bundle-

size threshold.  

(7) Bundling has a bi-directional (positive or negative) impact on the risks of project cost overruns 

and project delays. Bundling was found to significantly influence both the likelihood and 
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severity of project cost and time overrun, either positively or negatively, depending on the 

work category in question.  

(8) Bundling effects vary greatly across different work categories and across different project 

types. The statistical models (Chapters 6-10) showed that the bundling effects can be very 

different (in terms of both the magnitude and direction) for projects with different project types 

and work categories.  

(9) The impacts of using different bundling strategies can be very different.  The bundling scenario 

analysis shows that the bundling results of different bundling plans are very different, 

especially when a random bundling strategy is used.   

12.1.3 Summary of Bundling Effects 

A major focus of this dissertation is to analyze and quantify the impacts of bundling on several 

critical contract performance measures. To investigate such bundling effects, various statistical 

models were developed for each contract performance measure. The statistical models were 

developed for two levels: a project-level model (developed using data where each observation is a 

project) and a contract-level model (developed using data where each observation is a contract that 

might contain multiple projects). The project-level models were developed separately for each 

project type, whereas the contract-level models were developed separately for each work category 

due to the limited sample size.   

Based on the analysis results, the bundling effects were found to vary greatly across the 

different work categories and across the different project types. The impacts of the bundling-

related factors (including bundle size, contract size, project similarity, spatial proximity, and 

project combinations) on a project’s contract performance (including overall project cost, MOT 

cost, bidding competition, project and contract duration, and cost/time overrun risk and severity) 

were compared and summarized (Tables 12.1-12.5).  

Models for project cost and the maintenance of traffic (MOT) cost were developed at the 

project level and for each project type. As shown in Table 12.1, increasing bundle size (number of 

projects bundled in a contract) reduces both overall project cost and MOT cost for most project 

types. However, it was found that, as more projects are bundled, the project costs increase 

significantly for several project types (R12, T1 and T6) and the MOT costs increase for project 

types B3, B8 and T6. For project types B1, B4, B8, R3, R4, R9, T3, and S1, increasing the bundle 
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size reduces the overall project cost up to a certain bundle size, and increases the project cost 

thereafter. The opposite relationship was found for project types R1, R2, T4, T5 and S3. Table 

12.1 presents bundle size thresholds, i.e., the turning points at which the relationship between 

bundle size and project cost reverses. The project similarity was found to be a significant factor of 

the project cost but not of the MOT cost. An increasing project similarity between bundled projects 

was found to reduce the project cost for two Bridge project types B1 and B3, and for most Road 

work (except for R1, R2 and R7), Traffic work T3, T4 and T6, and Small-structures work S1 and 

S3. The effect of spatial proximity was found to be insignificant to project cost but significant to 

the MOT cost: When projects are bundled along the same corridor, the MOT costs reduce 

significantly for project types B1, B2, B7, B8, R1, R11, M1, M2, M3, M5 and S2. This is expected, 

because bundling projects along the same corridor facilitates the sharing and coordination of the 

resources, construction materials, and maintenance of traffic work. 

Table 12.1 Summary of Bundling Effects on Project Cost 
 
Project Type  

Bundling Effects on Project Cost Bundling Effects on MOT 
Cost  

Increasing 
Bundle Size 

Bundle Size 
Threshold 

Increasing 
Project 

Similarity 

Increasing 
Bundle Size 

Bundled 
Along the 

Same 
Corridor 

B1-New Bridge  D - I 12 D D D 
B2-Bridge Replacement  D  - - D 
B3-Superstructure 
Replacement  

D  D I - 

B4-Deck Replacement  D - I 11 - D - 
B5-Bridge Widening  D  - - - 
B6-Bridge Deck Overlay  D  - D - 
B7-Thin Deck Overlay  D  - - D 
B8-Misc. Bridge Rehab & 
Repair  

D - I 22 - I D 

R1-New Road Construction  I - D 11 - D D 
R2-Added Travel Lanes  I - D 10 - D - 
R3-Patch & Rehab Pavement  D - I 13 D - - 
R4-Partial 3  D - I 28 D D - 
R5-Road Rehabilitation 
(3R/4R)  

D  D D - 
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Table 12.1 continued 

R6-Wedge & Level Only  D  D 
  

R7-Sight Distance Correction  D  - D - 
R9-Pavement, Other  D - I 4 D 

  

R10-Pavement Replacement  D  D D - 
R11-Intersection 
Improvement  

 
 

 
D D 

R12-Interchange Work  I  D - - 
T1-ITS  I  - - - 
T2-Signing  D  - D - 
T3-Traffic Signals  D - I 7 D - - 
T4-Pavement Markings  I - D 2 D 

  

T5-Guard Rail, Cable Barrier 
& Wall  

I - D 6 - - - 

T6-Lighting  I  D I - 
M1-Demolition  -  - D D 
M2-Channel and Ditch Work  D  D D D 
M3-Stormwater 
Improvements  

 
 

 
- D 

M4-Slide Correction  D  - - - 
M5-Paths, Sidewalks & Curb 
Ramps  

 
 

 
- D 

S1-Pipe Lining  D - I 6 D 
  

S2-Small Structure 
Installation  

D  - - D 

S3-Small Str. Maintenance & 
Repair  

I - D 4 - 
  

Note: I: increase; D: decrease; I-D: increase first and then decrease; D-I: decrease first and then 
increase; Bundle size threshold is in terms of the nr of projects in a bundle 
 

Table 12.2 presents the bundling effects on the bidding market competition, which is 

measured in terms of (a) the number of bidders and (b) the winning-bid ratio (Contract 

Award/Engineer’s Estimate). A larger number of bidders and a lower winning-bid ratio indicate 

greater market competition. It was found that an increasing contract size generally leads to higher 

bidding competition (larger number of bidders and lower winning-bid ratio) for all the work 

categories except Miscellaneous work. As the bundle size increases, the probability that a contract 

has a large number of bidders decreases for all work categories except for Traffic work. With 

regard to the effects of bundle size on winning-bid ratio, it was found that the ratio decreases first 
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and then increases for Bridge and Road work, with bundle size thresholds 11 and 15, respectively. 

The opposite pattern of this relationship was found for Small-structures work with a bundle size 

threshold 17. For Traffic and Miscellaneous work, increasing bundle size leads to higher winning-

bid ratio (lower competition). In terms of spatial proximity, contracts with all projects bundled 

within the same county were found to generally have more competitors irrespective of its work 

type. Traffic contracts with projects bundled along the same corridor were found to have more 

bidders, compared to contracts with projects bundled over different corridors. For the winning-bid 

ratio, such spatial effects were found only for Bridge and Road work. In terms of bundling 

combinations, Bridge contracts (with a lead project of Bridge work) containing Road kin projects 

were found to have fewer bidders compared to those bundled with non-road kin projects. On the 

other hand, Road contracts (with a lead project of Road work), when bundled with Bridge kin 

projects, were found to have higher number of bidders than those bundled with non-bridge kin 

projects. With regard to the winning-bid ratio, it was found that, for a Road contract, the ratio 

decreases (greater competition) if it is bundled with Road kin projects, but increases when it is 

bundled with Bridge and Traffic kin projects.  

Table 12.2 Summary of Bundling Effects on Market Competition 
(a) Number of Bidders 

Work Category of 
Lead Project 

Increasing 
Contract 

Size (Cost) 

Increasing 
Bundle Size 

Bundled  Bundling 
Combination (Kin 

Project Type) 
Within 
Same 

County 

Along Same 
Corridor 

Bridge I D I - 
Road kin decrease 
competition 

Road I D I - 
Bridge kin increase 
competition 

Traffic I I I I - 

Miscellaneous D D I - - 

Small-structures - D I - - 
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Table 12.2 continued 

(b) Winning-bid Ratio (Contract Award/Engineer’s Estimate) 
Work Category 
of Lead Project 

Increasing 
Contract 

Size (Cost) 

Increasing 
Bundle 

Size 

Bundle 
Size 

Threshold 

Bundled  Bundling Combination 
(Kin Project Type) Within 

Same 
County 

Along 
Same 

Corridor 
Bridge D D - I 11 D - - 

Road D D - I 15 D D 

Bridge and Traffic kin 
increase bid ratio;  
Road kin decrease bid 
ratio; 

Traffic D I - - - - 
Miscellaneous I I  - - - - 
Small-structures D I -D 17 - - - 

Note: I: increase; D: decrease; I-D: increase first and then decrease; D-I: decrease first and then 
increase. 

 
Tables 12.3(a) and (b) summarize the bundling effects on project and contract duration for 

the different work categories. Both the project duration and contract duration were found to be 

longer for larger contracts (measured in terms of contract cost) than smaller contracts, in a non-

linear manner. In terms of the bundle size, it was found that, as bundle size increases, both project 

duration and contract duration of Bridge contracts decrease first and then increase with bundle size, 

with thresholds 9 and 11, respectively. For Road work, both project duration and contract duration 

can be reduced significantly by increasing bundle size. For Traffic work and Miscellaneous work, 

only project duration is affected by changes in bundle size. The project duration of a Traffic 

contract increases first and then decreases if more than 4 projects are bundled. For Miscellaneous 

contracts, bundling more projects always reduces project duration. With regard to the Small-

structures work, it was found that, as more projects are bundled in the contract, project duration 

decreases first and then increases, but contract duration increases. Increasing project similarity 

reduces both project duration and contract duration for Road contracts. Further, bundling all 

projects along the same corridor might increase both the project and contract duration for Road 

and Bridge contracts. However, bundling projects within the same geographical area (county) can 

reduce the contract duration for Road and Traffic work.  
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Table 12.3 Summary of Bundling Effects on Project Duration 
(a) Project Duration 

 Work Category Increasing 
Contract Size 

(Cost) 

Increasing 
Bundle Size 

Bundle Size 
Threshold 

Increasing 
Project 

Similarity 

Bundled 
Along Same 

Corridor 
Bridge I D - I 9.2 - - 
Road I D - D I 
Traffic I I - D 4.4 -  
Miscellaneous I D - -  
Small-structures I D - I 14.4 -  

 
(b) Contract Duration 

  Increasing 
Contract 

Size (Cost) 

Increasing 
Bundle Size 

Bundle Size 
Threshold 

Increasing 
Project 

Similarity 

Bundled 
Along 
Same 

Corridor 

Bundled 
within 
Same 

County 
Bridge I D - I 11.5 - I - 
Road I D - D I D 
Traffic I - - - - D 
Miscellaneous I - - - - - 
Small-structures I  I - - - - 

Note: I: increase; D: decrease; I-D: increase first and then decrease; D-I: decrease first and then 
increase. 
 
 

Table 12.4 summarizes the bundling effects on the cost overrun risk (likelihood and 

severity). It was observed that, for all work categories except for Small-structures work, both the 

likelihood and severity of cost overrun increase as the contract size increases.  However, the cost 

overrun risk can be reduced by increasing the bundle size until a certain threshold is reached. In 

terms of project similarity and spatial proximity between bundled projects, it was found that 

bundling a greater number of similar projects reduces both the probability and severity of cost 

overrun for all work categories except for Miscellaneous work. Also, bundling projects along the 

same corridor generally reduces the risks of cost overrun for Bridge, Traffic and Miscellaneous 

work.    
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Table 12.4. Summary of Bundling Effects on Cost Overrun 
(a) Cost Overrun Probability 

  Increasing 
Contract 

Size (Cost) 

Increasing 
Bundle Size 

Bundle Size 
Threshold 

Increasing 
Project 

Similarity 

Bundled Along 
the Same 
Corridor 

Bridge I D - I 15 D D 
Road I D - I 8 D - 
Traffic I D - I 4 D D 
Miscellaneous I D - - D 
Small-structures - - - D - 

(b) Cost Overrun Severity 
  Increasing 

Contract 
Size (Cost) 

Increasing 
Bundle Size 

Bundle Size 
Threshold 

Increasing 
Project 

Similarity 

Bundled Along 
the Same 
Corridor 

Bridge I D - I 17 D D 
Road I D - D - 
Traffic I D - I 5 D - 
Miscellaneous I D - - D 
Small-structures - - - D - 

Note: I: increase; D: decrease; I-D: increase first and then decrease; D-I: decrease first and then 
increase. 
 
 

Table 12.5 summarizes the bundling effects on the likelihood of time delay and the delay 

duration. Increasing contract size increases both the likelihood and duration of project delay for 

all work except for Small-structures. In terms of the bundle size, the likelihood of time overrun 

occurring for a Bridge contract can be reduced by increasing bundle size until a threshold of nine 

projects. For Road contracts, both the probability and the severity of time overrun increase first, 

then decrease as the bundle size increases. For Traffic work, increasing the bundle size generally 

causes a decrease in the likelihood of project delay, but causes an increase in the delay duration if 

a time overrun occurs. For Miscellaneous work, an increase in the bundle size does not 

significantly affect the time overrun probability, but generally leads to longer delay duration for 

projects that are not finished on time.  For Small-structures, both the likelihood and severity of 

time overrun increase as the bundle size increases. In terms of project similarity and spatial 

proximity, bundling projects that are more similar can reduce risk of time overrun for Road and 
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Small-structures work, and bundling projects along the same corridor can reduce time overrun risk 

for Miscellaneous and Small-structures work. 

Table 12.5 Summary of Bundling Effects on Time Overrun 
(a) Time Overrun Probability 

  Increasing 
Contract 

Size (Cost) 

Increasing 
Bundle Size 

Bundle Size 
Threshold 

Increasing 
Project 

Similarity 

Bundled within 
the Same 

County 
Bridge I D - I 9 - - 
Road I I - D 6 D - 
Traffic I D  - - D 
Miscellaneous I - - - D 
Small-structures - I - D - 

(b) Time Overrun Severity 
  Increasing 

Contract 
Size (Cost) 

Increasing 
Bundle Size 

Bundle Size 
Threshold 

Increasing 
Project 

Similarity 

Bundled Along 
the Same 
Corridor 

Bridge I D - I 14 - - 
Road I I - D 4 D - 
Traffic I I  - - D 
Miscellaneous I I - - - 
Small-structures - I – D 16 - - 

Note: I: increase; D: decrease; I-D: increase first and then decrease; D-I: decrease first and then 
increase. 
 

12.1.4 Overall Strategic Practical Implications of this Research 

There are several strategic practical implications of this dissertation’s results that can provide 

highway agencies with some guidelines for bundling projects in the future. 

(1) Whether or not to bundle.  Significant project cost reductions were found for bundled projects 

for all the Bridge project types, most of the Road project types, and some other project types 

analyzed in this dissertation. It is recommended that highway agencies consider bundling more 

Bridge projects in the future. To bundle projects in the other work categories, more careful 

consideration should be given. For example, it is suggested that the agency should not bundle 

or should change their practice of bundling projects of the following types: R12-Interchange 

Work, T1-ITS and T6-Lighting. Also, it is not suggested to bundle project types R1-New Road 
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Construction, R2-Added Travel Lanes, T4-Pavement Markings, T5-Guard Rail, Cable Barrier 

& Wall, S3-Small Str. Maintenance & Repair unless there are “enough” projects to bundle (i.e., 

more than the lower-limit on bundle size discussed in Section 7.3).  

(2) How to choose appropriate bundle size.  Increasing the bundle size of a contract generally leads 

to greater cost reductions (due to the economies of bundling). However, the cost saving 

becomes less significant (after the bundle size reaches an “elbow point”) or even becomes 

negative (after the bundle size reaches a “bundle size threshold”). These concepts were 

discussed in Section 7.3 along with the sensitivity analysis plots in Figure 7.8. It was found 

that bundling can greatly benefit Bridge projects B2, B3, B5, B6, B7, Road projects R4, R5, 

R6, R7, R10, Miscellaneous projects M2, M4 and Small-structures work S2, but the benefit of 

bundling becomes much smaller after the number of bundled projects is larger than the “elbow 

points”. For project types whose cost decreases first and then increases (B1, B4, B8, R3, R9, 

T3 and S10), bundling is recommended if the number of bundled projects do not exceed the 

bundle size threshold. 

(3) Which project types should be bundled?  Bundling similar projects in a contract tends to 

enhance the benefits of bundling. Similarity was quantified using the Similarity Distance 

metric introduced in this dissertation. Combinations of project types with smaller average 

similarity distance (higher average similarity factor) should be considered as good candidates 

for bundling. Bundling projects that are more similar was found to significantly reduce project 

cost for two Bridge project types (B1 and B3), most Road project types, half of the Traffic 

project types (T3, T4 and T6), and two other project types (S1 and S3). In addition, it was 

found that increased similarity among projects can also reduce the risks of cost overrun and 

time overrun in general. Therefore, it is suggested that the highway agency should consider 

bundling projects that are more similar  together in the future, especially for Road projects. 

The similarity matrix developed in this dissertation and the clustering results in Chapter 5 can 

be useful resources to the agency as it mulls bundling strategies in future. 

(4) Should project location be considered in bundling decisions?  The impacts of spatial proximity 

between bundled projects on project cost was found to be insignificant. However, it was found 

that the MOT costs can be significantly reduced by bundling all projects along the same 

corridor for most Bridge and Road project types and some other project types. Therefore, 

bundling projects along the same corridor can enhance the efficiency of maintenance of traffic 
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work, and bundling is recommended if the MOT cost saving is an important consideration for 

the highway agency. In addition, increasing the spatial proximity between bundled projects 

generally benefits other contract performance measures such as project duration, cost/time 

overrun risks and bidding competition. Also, from a practical viewpoint for projects that are 

too far from another, bundling may cause undue burdens in terms of the coordination between 

projects.  

(5) How to develop a bundling strategy. There are numerous ways to bundle projects. Bundling 

projects randomly without explicit consideration of the outcomes can be risky, because doing 

so might not only reduce market competition but also lead to higher project cost and higher 

risks of cost and time overruns. To avoid or reduce these adverse effects, bundling plans should 

be developed based on explicit consideration of the bundling outcomes. The bundling criteria 

should be defined upfront. Examples of some simple bundling criteria are:  

• bundling based on the “optimal” bundle size,  

• bundling based on project similarity,  

• bundling based on geographical proximity, and  

• bundling based on the planned letting year of the project.  

A comprehensive bundling policy should take all these factors into account. The optimization 

framework, along with the proposed greedy solution proposed in this dissertation, provide 

highway agencies with a convenient and fast tool to identify a long-term cost-effective 

bundling strategy, given a pool of candidate projects. For agencies that seek optimal bundling 

solutions, the proposed framework allows a simultaneous consideration of several bundling 

criteria, rather than a single criterion. 

12.2 Contributions of this Dissertation 

This dissertation makes several important contributions to fill gaps in the existing literature about 

several aspects of project bundling. 

(1) Bundling-related variables.  The issue of bundling has been discussed in the past mostly 

conceptually or from the policy side only. This dissertation provides a new way to evaluate a 

project bundling plan in terms of several critical bundling-related variables that can be 

quantified in a certain way. These bundling factors include contract size (cost), bundle size 

(number of bundled projects), combinations of bundled work type, project compatibility (i.e., 
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similarity between their pay items), spatial proximity (i.e., if projects are bundled along the 

same corridor and bundled within the same county), and temporal proximity (closeness of the 

intended letting dates).  

(2) Quantification of project similarity.  It has been argued by some past researchers that bundling 

projects that are more compatible and more similar in the same contract can enhance the 

benefits of bundling. However, there has been no metric to quantitatively describe project 

compatibility or similarity. Without a standard metric, it is hard to determine the extent to 

which any two projects are similar. This dissertation proposes a method to develop several 

metrics for measuring project similarity. The developed metric, “similarity value/distance”, 

quantifies the similarity between different project types. Such a metric will guide the agency 

in selecting compatible projects as candidates for bundling into a contract. 

(3) Quantification of bundling effects on different contract performance measures.  Bundling, as 

a relatively new practice for project delivery, has been increasingly used by highway agencies. 

The benefits and potential risks associated with bundling have been discussed in the past few 

years. However, the quantitative impacts of bundling have been rarely studied in the past. In 

this dissertation, the bundling effects (the effects of the bundling-related variables) on several 

critical contract performance measures (cost and time performance and competition) were 

studied in depth using statistical modeling. 

(4) Comparison of bundling effects across different project types.  Bundling does not provide 

benefits to all project types. A bundling decision without considering the type of projects might 

lead to undesirable consequences. Therefore, this dissertation focuses on the comparison of 

bundling effects across different work categories and across different project types, for each 

contract performance measure. Based on these results, recommendations are provided on how 

to bundle projects for a given project type. 

(5) Bundle size thresholds.  Bundling can potentially enhance contract performance (such as 

reduced project cost and duration) up to a certain bundle size threshold. When the bundle size 

is excessively large (too many projects are bundled), the contract performance can be worse 

than in the unbundled case. The impact of bundle size is therefore an important issue that is 

investigated and discussed in this dissertation. The bundle size threshold analysis results can 

provide some guidance as to how to choose appropriate bundle size for different project types. 
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(6) Bundling scenario analysis.  Project bundling has been proven to be a cost-effective method of 

project delivery that, if applied appropriately at the network level, can save considerable cost 

in highway project investments. Therefore, the benefits of evaluating bundling alternatives and 

identifying appropriate strategies can be substantial. This dissertation provides a framework 

for evaluating different bundling criteria (such as bundling by project similarity, bundling by 

letting year, and bundling by random selection) or for any given specific bundling plan. The 

scenario analysis also shows that bundling can be risky in certain situations, particularly where 

projects are selected arbitrarily without explicit considerations.  

(7) Bundling optimization.  This dissertation is the first study that formulates the bundling problem 

as a combinatorial optimization problem with an objective of searching for the optimal 

bundling solution to maximize the benefits of bundling. However, solving the formulated 

optimization problem is hard and extremely time-consuming, due to the complexity of the 

problem, the large number of functions involved, and the different and unique properties of the 

different project types. Therefore, a greedy heuristic approach is proposed in this dissertation 

to solve the problem by dividing the original problem into many subproblems and solving them 

iteratively and sequentially. The analysis shows that the bundling strategy generated using the 

proposed algorithm provides clearly superior contract performance (lower overall costs) 

compared to the other bundling criteria analyzed in this study. The optimization framework, 

along with the proposed greedy algorithm, provide a way to approximate an optimal bundling 

solution. The highway agencies can use this framework to develop long-term bundling 

strategies and plans for their highway projects. The proposed framework also provides users 

flexibility in setting up their own objective function and adding practical constraints. 

12.3 Limitations and Future Work 

Several limitations of this dissertation, which could be addressed in future studies, are listed below. 

(1) The project cost model developed in this dissertation can predict, at a project level, the cost of 

each individual project type. In estimating the overall contract cost, the project-level cost 

model can be applied to determine the expected project cost for each project in the contract, 

and summed to yield the total contract award. By doing this, the holistic impacts (on project 

cost) of projects in each of the various project combinations, are largely ignored. In realizing 

this problem, the dissertation proposed the inclusion of the average similarity between bundled 
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projects as an influential variable in the cost model. A better way to take the different project 

combinations into account may be to build a cost model, at a contract level, that estimates 

directly the overall cost for a contract that involves different project types. This approach was 

not pursued in this dissertation, because the current dataset has 323 different combinations of 

project types in the past bundled contracts. However, only 22 of them have more than ten 

observations. In the study dataset, most combinations appear only once. This makes it 

infeasible to develop a model that takes all the project combinations into account. In the future, 

as the highway agency undertakes more bundled projects, and as the number of observations 

for each combination becomes larger, it may be possible for a future study to build a contract-

level mixed cost model to guide bundling decisions.  

(2) The project cost model developed in this paper includes only agency costs. However, the user 

cost is also a consideration in infrastructure maintenance and rehabilitation decisions. In a 

future study, in addition to measuring the effectiveness of project bundling in terms of agency 

cost savings, the analysis could quantify the impact of project bundling in terms of roadway 

user costs.  User costs associated with work zones may differ for different bundling strategies, 

due to differences in the duration and location of bundled projects. If bundling multiple projects 

into a single contract can lead to significant reductions in road user costs, this would be further 

justification for a sound bundling strategy. 

(3) It was believed that contracts containing projects that are located closer to each other would 

benefit more from project bundling. However, the project cost models developed in this 

dissertation do not contain an explicit “distance” term, because the distance variable was 

neither significant nor intuitive when tested using the regression models. A reason for this 

might be the lack of variability in the values of the distance factor in the observed data; projects 

bundled into a contract are often located along the same corridor. As a result, the average 

distance between projects bundled in different contracts does not vary enough, from a 

statistical viewpoint, to make a distinguishing difference in the project costs.  At a future time, 

when more data from more widely dispersed projects become available, the effect of the 

distance variable can be examined. 

(4) The project/contract duration models and cost/time overrun models were all developed at the 

contract level. This is because, in the study dataset, the actual project/contract completion time 

and completion cost are provided for each contract only. For future research, if more detailed 
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data regarding each project in a contract becomes available, project-level models can be 

developed for these contract performance measures.  

(5) Due to the lack of data, some other important contract performance measures (CPMs) were not 

considered in this study, such as work quality and the number of change orders. The impacts 

of bundling on these CPMs can be investigated in future study. 

(6) The project similarity defined in this paper is the similarity of the materials, resources and 

work activities required for a given project type (measured in terms of the distribution of its 

pay-item costs) compared to another project type. The purpose of quantifying this similarity is 

to facilitate or justify the selection of projects for bundling (which project types could be 

bundled and which should not). The ultimate goal is to achieve greater cost savings by bundling 

“similar” projects. For other purposes, project similarity can be measured from other 

perspectives by considering other variables (e.g., expected project duration, anticipated 

improvements on the facility condition, workzone user costs, traffic and environmental impacts, 

and so on). It is possible to incorporate these variables in future when they are quantified, 

weighted, and normalized (so that they are measured using the same scale). 

(7) In seeking to bundle projects, an agency may defer a project to a later year when its prospective 

kin project becomes eligible for implementation. However, delaying or moving up a project 

too much from its originally-scheduled letting date may cause wasteful spending (due to 

premature treatment) or unacceptable deterioration in asset condition and/or user costs (due to 

delaying the project). In this dissertation, the cost caused by shifting the letting dates of projects 

to be bundled was considered in the framework by making a rather simplified assumption 

based on an earlier research study. Future research could help identify an appropriate 

methodology to quantify such rescheduling cost, and to investigate the trade-off between the 

cost reduced by project bundling and the cost increase due to project delay, for each project 

type. 

(8) In this dissertation, the objective function of the bundling optimization problem was 

formulated as minimizing the overall project cost. Other contract performance measures were 

taken into account by being used in constraints. In the future, the bundling problem can be 

revised to be a multi-objective optimization problem that maximizes the bundling benefits 

measured in terms of not only cost but also other contract performance measures.  
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(9) The proposed greedy approach provides a way to approximate a solution for the formulated 

bundling optimization problem in a reasonable amount of computational time. However, the 

greedy algorithm is limited in its ability to find the global optimum. In future research work, 

such a limitation may be overcome by simplifying the optimization problem, simplifying the 

functions used in the framework, or using a better approximation or exact algorithm.  
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APPENDIX 

 

Figure A. 1. Bundle Size Distribution (Contract Level) 
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Figure A. 2. Bundle Size Distribution (Project Level) 
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Table A. 1. All Past Bundling Combinations 
Count Percent Project 

Type 1 
Project 
Type 2 

Project 
Type 3 

Project 
Type 4 

Project 
Type 5 

Project 
Type 6 

Project 
Type 7 

180 13.89% R4 
      

86 6.64% B8 
      

68 5.25% B6 
      

61 4.71% S1 
      

44 3.40% S2 
      

41 3.16% B1 R1 
     

29 2.24% M5 
      

29 2.24% B7 
      

26 2.01% T3 
      

24 1.85% R3 
      

18 1.39% B2 
      

34 2.62% T3 R11 
     

17 1.31% B4 
      

13 1.00% B1 T2 R1 
    

12 0.93% T2 
      

12 0.93% R5 
      

12 0.93% R10 
      

11 0.85% B3 
      

11 0.85% R1 
      

11 0.85% B2 R5 
     

10 0.77% B8 B6 
     

10 0.77% R11 
      

9 0.69% B8 B7 
     

8 0.62% M2 
      

8 0.62% R10 R4 
     

8 0.62% S1 R4 
     

8 0.62% B4 B6 
     

7 0.54% B8 R5 
     

7 0.54% B6 R4 
     

7 0.54% S1 S2 
     

7 0.54% B2 S2 
     

6 0.46% T1 
      

6 0.46% M4 
      

6 0.46% U2 R5 
     

6 0.46% R2 
      

6 0.46% T2 R2 
     

6 0.46% S3 
      

6 0.46% B7 B6 
     

5 0.39% R9 
      

5 0.39% T3 R5 
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5 0.39% B8 R4 
     

5 0.39% B1 
      

5 0.39% R12 T2 
     

5 0.39% R10 U2 
     

5 0.39% B1 R5 
     

4 0.31% B2 R4 
     

4 0.31% R10 T3 
     

4 0.31% B6 S2 
     

4 0.31% M4 R4 
     

4 0.31% B1 S2 
     

4 0.31% B5 R5 
     

4 0.31% R6 
      

4 0.31% R12 B2 
     

4 0.31% R11 R4 
     

4 0.31% B8 B6 R4 
    

4 0.31% T3 R4 
     

3 0.23% R10 B6 
     

3 0.23% R4 S2 
     

3 0.23% B8 B2 
     

3 0.23% B6 R5 
     

3 0.23% R7 R4 
     

3 0.23% R3 R4 
     

3 0.23% R12 
      

3 0.23% R12 B1 T2 
    

3 0.23% B8 S3 
     

3 0.23% R12 B2 B1 R2 
   

3 0.23% T2 R5 
     

3 0.23% R10 B8 
     

3 0.23% T3 T2 R2 
    

3 0.23% B6 B3 
     

3 0.23% R10 S2 
     

3 0.23% M5 R5 
     

3 0.23% B2 R2 
     

3 0.23% S2 R4 
     

3 0.23% R11 T2 
     

3 0.23% T6 R5 
     

3 0.23% R10 T2 
     

3 0.23% T4 
      

2 0.15% B2 B1 
     

2 0.15% S1 B6 S2 
    

2 0.15% B4 B3 
     

2 0.15% U2 R11 
     

2 0.15% B8 M2 R4 B3 
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2 0.15% M5 R2 
     

2 0.15% S1 S3 
     

2 0.15% B5 R4 
     

2 0.15% T4 T2 
     

2 0.15% B4 B7 B6 
    

2 0.15% M3 R5 
     

2 0.15% R4 R3 
     

2 0.15% T6 
      

2 0.15% B6 T2 R2 
    

2 0.15% B5 T2 R2 
    

2 0.15% U2 B1 T2 R1 
   

2 0.15% R11 S2 
     

2 0.15% B8 T2 R2 
    

2 0.15% R11 B1 
     

2 0.15% M3 R1 
     

2 0.15% R10 U2 T3 T6 T2 
  

2 0.15% B7 B6 R4 
    

2 0.15% B2 R1 
     

2 0.15% B2 R3 
     

2 0.15% S2 B3 
     

2 0.15% B7 R4 
     

2 0.15% R11 R5 
     

2 0.15% U2 T2 R1 
    

2 0.15% T3 T2 
     

2 0.15% B4 B5 
     

2 0.15% R5 T2 
     

2 0.15% B8 B7 B6 
    

2 0.15% B5 
      

2 0.15% T5 
      

2 0.15% B1 T2 R2 
    

2 0.15% U2 R1 
     

2 0.15% R10 T3 T2 
    

1 0.08% R11 B3 
     

1 0.08% T3 R5 T2 
    

1 0.08% S1 R3 S2 
    

1 0.08% R10 M3 
     

1 0.08% R12 T3 B2 T6 T2 
  

1 0.08% B2 S1 B6 B5 R2 
  

1 0.08% R10 T3 B6 B2 T2 
  

1 0.08% R10 T3 R4 R2 
   

1 0.08% B8 R3 R4 
    

1 0.08% R10 B6 S2 
    

1 0.08% B7 B2 
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1 0.08% T2 R1 
     

1 0.08% M1 B7 B3 
    

1 0.08% T3 R11 R4 
    

1 0.08% B5 S2 
     

1 0.08% R11 B2 B5 R5 
   

1 0.08% B8 B7 R4 S2 
   

1 0.08% B4 R4 B6 
    

1 0.08% R10 B6 B2 
    

1 0.08% U1 
      

1 0.08% B8 S1 
     

1 0.08% B7 B6 B5 R4 R2 
  

1 0.08% R4 R2 
     

1 0.08% R10 M5 
     

1 0.08% R10 B7 
     

1 0.08% R12 B1 
     

1 0.08% B8 S2 
     

1 0.08% B4 B6 R4 
    

1 0.08% R10 T3 T6 
    

1 0.08% R7 R9 
     

1 0.08% R7 B2 T6 
    

1 0.08% B4 R4 
     

1 0.08% B2 B1 T2 R1 
   

1 0.08% R10 T3 B2 
    

1 0.08% R10 T3 B6 
    

1 0.08% R10 R12 R11 S3 
   

1 0.08% U2 M2 
     

1 0.08% R12 B5 
     

1 0.08% R12 B2 T2 
    

1 0.08% R11 B6 
     

1 0.08% U2 T3 B1 T4 R1 
  

1 0.08% B6 B5 
     

1 0.08% R12 R4 
     

1 0.08% S1 S2 S3 
    

1 0.08% B5 T1 T2 R2 
   

1 0.08% U1 T2 
     

1 0.08% T5 U2 T3 
 

T2 
  

1 0.08% R10 T3 S2 
    

1 0.08% R12 S1 T3 R4 
   

1 0.08% T2 R10 B2 R5 U2 S3 
 

1 0.08% S2 S3 
     

1 0.08% B2 T2 R2 
    

1 0.08% T5 T3 T2 
    

1 0.08% R10 B5 
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1 0.08% R11 M5 R4 
    

1 0.08% B7 S2 
     

1 0.08% R12 B2 B1 T2 
   

1 0.08% U2 T3 B6 T2 R5 
  

1 0.08% B5 R2 
     

1 0.08% B4 B8 B2 
    

1 0.08% M1 T3 T2 R5 
   

1 0.08% R12 B5 T2 
    

1 0.08% B6 R4 R10 B8 B7 B4 
 

1 0.08% S1 R4 S3 
    

1 0.08% T5 T3 R11 
    

1 0.08% R9 B4 
     

1 0.08% U2 B5 T1 T2 R2 
  

1 0.08% T3 R1 
     

1 0.08% T3 R4 R9 
    

1 0.08% B1 R5 R1 
    

1 0.08% B2 S3 
     

1 0.08% R11 R1 
     

1 0.08% B1 T2 R5 
    

1 0.08% S1 B6 
     

1 0.08% R4 M1 R10 R5 R11 M5 S3 
1 0.08% T3 B2 T2 R1 U2 B6 B1 
1 0.08% R4 B3 

     

1 0.08% B4 B8 B6 
    

1 0.08% B8 B3 
     

1 0.08% B8 R11 
     

1 0.08% S1 R5 S3 
    

1 0.08% R4 B3 B5 B8 B7 B6 S2 
1 0.08% R4 S3 

     

1 0.08% R10 B6 R5 T2 
   

1 0.08% R11 B5 
     

1 0.08% B7 B6 B3 
    

1 0.08% T1 B2 B5 T2 R12 B6 B1 
1 0.08% M2 B1 T2 R1 

   

1 0.08% T6 T2 
     

1 0.08% B2 B6 
     

1 0.08% R12 R11 R4 T2 U2 
  

1 0.08% R1 B4 B1 T4 R2 
  

1 0.08% T3 B1 R1 
    

1 0.08% M5 T2 
     

1 0.08% R10 B7 R4 
    

1 0.08% R11 B2 T2 
    

1 0.08% B5 T3 B1 T2 R2 
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1 0.08% R10 B8 B7 B6 R9 
  

1 0.08% R10 R11 
     

1 0.08% R10 R2 
     

1 0.08% T5 R4 B3 
    

1 0.08% U2 B1 R1 
    

1 0.08% U2 B5 R5 
    

1 0.08% U2 B2 
     

1 0.08% R11 M5 
     

1 0.08% B8 S1 M2 
    

1 0.08% R10 B8 B7 B4 R4 
  

1 0.08% R11 B2 T3 
    

1 0.08% T5 T3 
     

1 0.08% R7 R4 R8 
    

1 0.08% B8 S1 R4 
    

1 0.08% B8 B2 B3 
    

1 0.08% R9 R4 
     

1 0.08% B4 B8 B7 B6 
   

1 0.08% T3 S2 R2 
    

1 0.08% M5 B5 R5 
    

1 0.08% R7 
      

1 0.08% R2 T4 R5 B3 
   

1 0.08% R7 B2 
     

1 0.08% B2 T2 
     

1 0.08% B8 B7 B6 M2 R4 
  

1 0.08% B2 B6 B3 
    

1 0.08% B8 B5 B3 
    

1 0.08% T3 B5 R5 T2 
   

1 0.08% R10 B3 
     

1 0.08% B4 B2 R5 
    

1 0.08% R10 S1 
     

1 0.08% T5 S1 R4 
    

1 0.08% T6 B2 B5 T2 R2 
  

1 0.08% R3 T2 
     

1 0.08% B4 R4 R10 S1 B8 B6 
 

1 0.08% U2 B4 
     

1 0.08% U2 R2 
     

1 0.08% R10 B4 
     

1 0.08% T6 T4 T2 
    

1 0.08% M3 R4 
     

1 0.08% R9 T4 
     

1 0.08% T6 B5 T4 R12 
   

1 0.08% R10 R5 T2 
    

1 0.08% S1 S2 B7 
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1 0.08% R10 B6 R4 
    

1 0.08% R12 T3 T6 T2 
   

1 0.08% B8 T2 T1 R2 
   

1 0.08% R11 R4 R2 
    

1 0.08% B2 B1 S2 
    

1 0.08% B8 B4 
     

1 0.08% T5 T2 
     

1 0.08% B2 M5 B1 T2 R1 
  

1 0.08% M5 T2 R2 
    

1 0.08% M1 R9 
     

1 0.08% M5 R4 
     

1 0.08% R5 B3 
     

1 0.08% B1 M2 T2 R1 
   

1 0.08% T4 R2 
     

1 0.08% R9 M5 
     

1 0.08% B2 B4 B5 B6 
   

1 0.08% B8 R5 S3 
    

1 0.08% M1 
      

1 0.08% R10 B7 B6 B5 
   

1 0.08% T5 R11 M5 
    

1 0.08% B6 T2 
     

1 0.08% B4 M5 
     

1 0.08% T5 T3 B2 
    

1 0.08% R10 U2 T3 
    

1 0.08% B1 S3 
     

1 0.08% B8 B7 S1 S3 
   

1 0.08% T3 R6 R4 
    

1 0.08% T2 R5 B3 
    

1 0.08% U2 T3 R2 
    

1 0.08% R12 M5 B6 
    

1 0.08% T3 B2 B6 R5 T2 
  

1 0.08% T3 B6 R5 
    

1 0.08% T5 U2 T2 
    

1 0.08% B1 B5 T2 R2 
   

1 0.08% B4 R10 B6 
    

1 0.08% B8 R4 B3 
    

1 0.08% B8 R2 
     

1 0.08% B4 B2 S2 B6 
   

1 0.08% R5 R1 
     

1 0.08% R10 B8 B7 
    

1 0.08% R10 R4 S2 
    

1 0.08% B2 T2 R5 
    

1 0.08% R10 R3 
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1 0.08% B8 R11 B2 B5 
   

1 0.08% R10 B5 T2 
    

1 0.08% T3 R2 
     

1 0.08% B2 T6 T2 R2 
   

1 0.08% R11 B2 
     

1 0.08% B2 M5 
     

1 0.08% U2 T3 R1 T2 R2 
  

1 0.08% B2 B3 
     

1 0.08% B7 S1 
     

1 0.08% R10 S2 R8 
    

1 0.08% U2 S2 
     

1 0.08% B8 B7 B6 S1 
   

1 0.08% R10 R7 
     

1 0.08% T5 B7 R3 
    

1 0.08% U2 S2 R4 
    

1 0.08% B8 B2 B1 R1 
   

1 0.08% R10 R11 B1 T2 
   

1 0.08% B2 B5 
     

1 0.08% B2 R5 B6 
    

1 0.08% R5 T1 T2 R2 
   

1 0.08% B2 B4 B5 
    

1 0.08% M3 R11 
     

1 0.08% R9 B2 
     

1 0.08% R10 B7 B6 
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Figure A. 3. Full Similarity Value Matrix 
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Figure A. 4. Full Similarity Distance Matrix (1-Norm) 
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Figure A. 5. Full Similarity Distance Matrix (2-Norm, Euclidian Distance) 
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Figure A. 6. Full Similarity Distance Matrix (Infinity-Norm) 
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0.26
0.4

0.16
0.29

0.16
0.41

0.16
0.16

0.76
0.22

0.22
0.29

0.53
0.82

0.19
0.45

0.72
0.36

0.55
B

4
0.13

0.1
0.05

0
0.07

0.23
0.42

0.23
0.53

0.43
0.49

0.26
0.19

0.21
0.18

0.2
0.3

0.25
0.4

0.18
0.29

0.18
0.39

0.18
0.18

0.76
0.22

0.22
0.28

0.53
0.81

0.19
0.45

0.72
0.35

0.55
B

5
0.13

0.09
0.05

0.07
0

0.21
0.42

0.23
0.54

0.43
0.49

0.27
0.19

0.21
0.17

0.2
0.33

0.28
0.42

0.17
0.29

0.17
0.42

0.17
0.17

0.76
0.22

0.22
0.29

0.53
0.82

0.19
0.45

0.72
0.39

0.56
B

6
0.23

0.23
0.23

0.23
0.21

0
0.41

0.21
0.49

0.43
0.49

0.26
0.23

0.23
0.23

0.23
0.3

0.25
0.42

0.23
0.29

0.18
0.4

0.23
0.23

0.76
0.23

0.23
0.29

0.53
0.82

0.23
0.45

0.73
0.32

0.55
B

7
0.42

0.42
0.42

0.42
0.42

0.41
0

0.41
0.64

0.43
0.49

0.42
0.42

0.42
0.42

0.42
0.42

0.42
0.43

0.42
0.42

0.42
0.42

0.42
0.42

0.76
0.42

0.42
0.42

0.53
0.82

0.42
0.45

0.73
0.42

0.56
B

8
0.23

0.23
0.23

0.23
0.23

0.21
0.41

0
0.64

0.43
0.49

0.26
0.23

0.23
0.23

0.23
0.33

0.28
0.43

0.23
0.29

0.23
0.42

0.23
0.23

0.76
0.23

0.23
0.29

0.53
0.82

0.23
0.45

0.72
0.31

0.56
M

1
0.66

0.6
0.53

0.53
0.54

0.49
0.64

0.64
0

0.66
0.53

0.66
0.63

0.65
0.65

0.66
0.66

0.65
0.67

0.65
0.67

0.67
0.65

0.65
0.64

0.76
0.63

0.63
0.67

0.64
0.82

0.67
0.65

0.73
0.67

0.64
M

2
0.44

0.43
0.43

0.43
0.43

0.43
0.43

0.43
0.66

0
0.49

0.41
0.41

0.41
0.42

0.44
0.44

0.43
0.44

0.42
0.44

0.44
0.43

0.42
0.42

0.71
0.42

0.42
0.44

0.53
0.82

0.44
0.45

0.73
0.44

0.53
M

3
0.49

0.49
0.49

0.49
0.49

0.49
0.49

0.49
0.53

0.49
0

0.49
0.41

0.49
0.47

0.49
0.49

0.48
0.49

0.48
0.47

0.49
0.48

0.46
0.48

0.76
0.49

0.49
0.49

0.53
0.82

0.49
0.45

0.73
0.49

0.56
M

4
0.24

0.22
0.26

0.26
0.27

0.26
0.42

0.26
0.66

0.41
0.49

0
0.21

0.14
0.2

0.27
0.31

0.26
0.39

0.16
0.29

0.25
0.4

0.2
0.17

0.76
0.22

0.24
0.29

0.53
0.82

0.27
0.45

0.73
0.36

0.54
M

5
0.19

0.19
0.19

0.19
0.19

0.23
0.42

0.23
0.63

0.41
0.41

0.21
0

0.19
0.18

0.2
0.33

0.28
0.43

0.18
0.29

0.19
0.42

0.17
0.18

0.76
0.21

0.21
0.24

0.5
0.76

0.19
0.45

0.71
0.39

0.54
R

1
0.18

0.17
0.2

0.21
0.21

0.23
0.42

0.23
0.65

0.41
0.49

0.14
0.19

0
0.15

0.21
0.21

0.15
0.41

0.12
0.29

0.2
0.29

0.14
0.12

0.76
0.19

0.19
0.28

0.53
0.81

0.21
0.45

0.72
0.4

0.52
R

2
0.16

0.14
0.16

0.18
0.17

0.23
0.42

0.23
0.65

0.42
0.47

0.2
0.18

0.15
0

0.2
0.16

0.11
0.37

0.07
0.29

0.08
0.26

0.04
0.09

0.76
0.21

0.21
0.26

0.5
0.79

0.17
0.45

0.72
0.36

0.49
R

3
0.21

0.2
0.2

0.2
0.2

0.23
0.42

0.23
0.66

0.44
0.49

0.27
0.2

0.21
0.2

0
0.26

0.21
0.37

0.2
0.26

0.15
0.35

0.19
0.2

0.75
0.22

0.22
0.28

0.53
0.81

0.2
0.45

0.73
0.32

0.55
R

4
0.33

0.3
0.31

0.3
0.33

0.3
0.42

0.33
0.66

0.44
0.49

0.31
0.33

0.21
0.16

0.26
0

0.08
0.4

0.15
0.33

0.23
0.09

0.18
0.26

0.75
0.29

0.3
0.33

0.53
0.8

0.33
0.45

0.73
0.35

0.55
R

5
0.28

0.25
0.26

0.25
0.28

0.25
0.42

0.28
0.65

0.43
0.48

0.26
0.28

0.15
0.11

0.21
0.08

0
0.4

0.1
0.28

0.18
0.15

0.13
0.2

0.75
0.24

0.25
0.28

0.53
0.81

0.28
0.45

0.72
0.37

0.49
R

6
0.42

0.4
0.4

0.4
0.42

0.42
0.43

0.43
0.67

0.44
0.49

0.39
0.43

0.41
0.37

0.37
0.4

0.4
0

0.3
0.33

0.41
0.41

0.35
0.38

0.76
0.37

0.37
0.43

0.53
0.81

0.43
0.45

0.73
0.43

0.56
R

7
0.17

0.15
0.16

0.18
0.17

0.23
0.42

0.23
0.65

0.42
0.48

0.16
0.18

0.12
0.07

0.2
0.15

0.1
0.3

0
0.29

0.12
0.25

0.05
0.11

0.76
0.21

0.2
0.28

0.53
0.81

0.18
0.45

0.73
0.38

0.53
R

8
0.29

0.29
0.29

0.29
0.29

0.29
0.42

0.29
0.67

0.44
0.47

0.29
0.29

0.29
0.29

0.26
0.33

0.28
0.33

0.29
0

0.25
0.43

0.28
0.29

0.76
0.29

0.29
0.29

0.53
0.82

0.27
0.45

0.73
0.42

0.56
R

9
0.14

0.1
0.16

0.18
0.17

0.18
0.42

0.23
0.67

0.44
0.49

0.25
0.19

0.2
0.08

0.15
0.23

0.18
0.41

0.12
0.25

0
0.32

0.09
0.08

0.76
0.22

0.22
0.25

0.53
0.78

0.16
0.45

0.72
0.38

0.56
R

10
0.42

0.4
0.41

0.39
0.42

0.4
0.42

0.42
0.65

0.43
0.48

0.4
0.42

0.29
0.26

0.35
0.09

0.15
0.41

0.25
0.43

0.32
0

0.27
0.35

0.75
0.38

0.4
0.43

0.53
0.81

0.43
0.45

0.72
0.43

0.53
R

11
0.15

0.12
0.16

0.18
0.17

0.23
0.42

0.23
0.65

0.42
0.46

0.2
0.17

0.14
0.04

0.19
0.18

0.13
0.35

0.05
0.28

0.09
0.27

0
0.11

0.76
0.21

0.21
0.23

0.52
0.76

0.16
0.45

0.72
0.35

0.51
R

12
0.14

0.11
0.16

0.18
0.17

0.23
0.42

0.23
0.64

0.42
0.48

0.17
0.18

0.12
0.09

0.2
0.26

0.2
0.38

0.11
0.29

0.08
0.35

0.11
0

0.75
0.21

0.21
0.26

0.51
0.79

0.17
0.45

0.71
0.34

0.52
S1

0.76
0.76

0.76
0.76

0.76
0.76

0.76
0.76

0.76
0.71

0.76
0.76

0.76
0.76

0.76
0.75

0.75
0.75

0.76
0.76

0.76
0.76

0.75
0.76

0.75
0

0.75
0.7

0.76
0.76

0.82
0.76

0.76
0.75

0.76
0.75

S2
0.2

0.2
0.22

0.22
0.22

0.23
0.42

0.23
0.63

0.42
0.49

0.22
0.21

0.19
0.21

0.22
0.29

0.24
0.37

0.21
0.29

0.22
0.38

0.21
0.21

0.75
0

0.05
0.29

0.53
0.82

0.22
0.45

0.73
0.36

0.52
S3

0.2
0.2

0.22
0.22

0.22
0.23

0.42
0.23

0.63
0.42

0.49
0.24

0.21
0.19

0.21
0.22

0.3
0.25

0.37
0.2

0.29
0.22

0.4
0.21

0.21
0.7

0.05
0

0.29
0.53

0.81
0.22

0.45
0.73

0.36
0.52

T
1

0.29
0.29

0.29
0.28

0.29
0.29

0.42
0.29

0.67
0.44

0.49
0.29

0.24
0.28

0.26
0.28

0.33
0.28

0.43
0.28

0.29
0.25

0.43
0.23

0.26
0.76

0.29
0.29

0
0.4

0.53
0.22

0.45
0.6

0.37
0.54

T
2

0.53
0.53

0.53
0.53

0.53
0.53

0.53
0.53

0.64
0.53

0.53
0.53

0.5
0.53

0.5
0.53

0.53
0.53

0.53
0.53

0.53
0.53

0.53
0.52

0.51
0.76

0.53
0.53

0.4
0

0.59
0.45

0.53
0.65

0.53
0.56

T
3

0.82
0.82

0.82
0.81

0.82
0.82

0.82
0.82

0.82
0.82

0.82
0.82

0.76
0.81

0.79
0.81

0.8
0.81

0.81
0.81

0.82
0.78

0.81
0.76

0.79
0.82

0.82
0.81

0.53
0.59

0
0.62

0.81
0.73

0.82
0.78

T
4

0.19
0.19

0.19
0.19

0.19
0.23

0.42
0.23

0.67
0.44

0.49
0.27

0.19
0.21

0.17
0.2

0.33
0.28

0.43
0.18

0.27
0.16

0.43
0.16

0.17
0.76

0.22
0.22

0.22
0.45

0.62
0

0.45
0.7

0.27
0.56

T
5

0.45
0.45

0.45
0.45

0.45
0.45

0.45
0.45

0.65
0.45

0.45
0.45

0.45
0.45

0.45
0.45

0.45
0.45

0.45
0.45

0.45
0.45

0.45
0.45

0.45
0.76

0.45
0.45

0.45
0.53

0.81
0.45

0
0.73

0.45
0.54

T
6

0.73
0.72

0.72
0.72

0.72
0.73

0.73
0.72

0.73
0.73

0.73
0.73

0.71
0.72

0.72
0.73

0.73
0.72

0.73
0.73

0.73
0.72

0.72
0.72

0.71
0.75

0.73
0.73

0.6
0.65

0.73
0.7

0.73
0

0.73
0.72

U
1

0.41
0.39

0.36
0.35

0.39
0.32

0.42
0.31

0.67
0.44

0.49
0.36

0.39
0.4

0.36
0.32

0.35
0.37

0.43
0.38

0.42
0.38

0.43
0.35

0.34
0.76

0.36
0.36

0.37
0.53

0.82
0.27

0.45
0.73

0
0.56

U
2

0.55
0.55

0.55
0.55

0.56
0.55

0.56
0.56

0.64
0.53

0.56
0.54

0.54
0.52

0.49
0.55

0.55
0.49

0.56
0.53

0.56
0.56

0.53
0.51

0.52
0.75

0.52
0.52

0.54
0.56

0.78
0.56

0.54
0.72

0.56
0
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Table A. 2. Scenario Analysis Data 

 

 Project 
Length 

 Nr of 
Lanes 

 Deck 
Area 

 State 
/Local 

 Rural 
/Urban 

 Functional 
Class  ADT 

2827 R3-Patch & Rehab Pavement 2014 3.752 2 State Rural Non-Int 2322 307,202$    
2824 R4-Partial 3 2013 6.411 4 State Urban Non-Int 9044 2,110,436$ 
3986 B7-Thin Deck Overlay 2018 0 4 8961 State Rural Non-Int 7835 135,550$    
3723 R3-Patch & Rehab Pavement 2016 0.1 2 State Rural Non-Int 1970 73,616$     
1619 R9-Pavement, Other 2009 0.85 2 Local Urban Non-Int 4734 342,851$    
2011 B7-Thin Deck Overlay 2017 0 6 8516 State Urban Interstate 57228 90,878$     
520 S1-Pipe Lining 2010 15.21 2 State Rural Non-Int 7550 87,513$     

4197 M4-Slide Correction 2017 0.06 2 State Rural Non-Int 9234 644,017$    
2174 R10-Pavement Replacement 2017 7.138 6 State Urban Interstate 49461 5,435,198$ 
2442 B6-Bridge Deck Overlay 2015 0 2 4025 State Rural Non-Int 3520 325,363$    
1915 B1-New Bridge 2010 0 4 2211 State Rural Interstate 6172 1,116,133$ 
1340 B2-Bridge Replacement 2010 0.02 2 966 State Urban Non-Int 7042 464,501$    
2589 R4-Partial 3 2016 1.386 2 State Urban Non-Int 11065 339,433$    
3724 R3-Patch & Rehab Pavement 2016 0.01 6 State Urban Interstate 62059 116,333$    
3510 R3-Patch & Rehab Pavement 2014 0.051 4 State Urban Non-Int 13007 163,310$    
1508 R4-Partial 3 2010 6.58 2 State Rural Non-Int 5500 997,056$    
402 R5-Road Rehabilitation (3R/4R) 2008 0.13 2 Local Urban Non-Int 1250 662,857$    

3597 B8-Misc. Bridge Rehab & Repair 2017 0 4 3912 State Rural Non-Int 19402 134,888$    
2989 B2-Bridge Replacement 2016 0.05 7 11380 State Urban Interstate 112977 4,092,356$ 
2880 B8-Misc. Bridge Rehab & Repair 2014 0 6 10042 State Urban Interstate 87150 239,176$    
1298 B6-Bridge Deck Overlay 2014 0 4 3681 State Rural Non-Int 4220 308,912$    
4065 B8-Misc. Bridge Rehab & Repair 2018 0 4 11152 State Rural Non-Int 13972 254,899$    
515 B5-Bridge Widening 2008 0 4 11445 State Urban Interstate 53200 1,532,451$ 

1301 B1-New Bridge 2014 0 2 607 State Rural Non-Int 420 312,999$    
84 B2-Bridge Replacement 2012 0 0 2778 Local Rural Non-Int 220 917,678$    

3391 B8-Misc. Bridge Rehab & Repair 2015 0 4 6458 State Rural Interstate 26627 182,914$    
56 R3-Patch & Rehab Pavement 2008 11.06 2 State Urban Non-Int 5642 810,683$    

4175 R6-Wedge & Level Only 2017 1.228 2 State Rural Non-Int 2727 233,553$    
3240 B8-Misc. Bridge Rehab & Repair 2014 0 4 9061 State Rural Interstate 35660 224,696$    
2705 R4-Partial 3 2012 9.027 2 State Urban Non-Int 5091 1,484,642$ 
1647 R4-Partial 3 2010 0.95 2 Local Urban Non-Int 3250 252,098$    
1088 R4-Partial 3 2009 2.86 2 State Rural Non-Int 10180 517,307$    
2903 B8-Misc. Bridge Rehab & Repair 2014 0 4 7750 State Urban Non-Int 17870 204,332$    
1754 R10-Pavement Replacement 2012 0.828 2 State Rural Non-Int 1632 758,074$    
1187 R6-Wedge & Level Only 2009 1.25 2 State Rural Non-Int 8340 235,121$    
3590 B8-Misc. Bridge Rehab & Repair 2015 0 6 11044 State Urban Interstate 51511 253,402$    
1481 R4-Partial 3 2010 8.35 2 State Rural Non-Int 6438 1,202,809$ 
1090 R5-Road Rehabilitation (3R/4R) 2011 0.12 4 Local Urban Non-Int 14000 827,256$    
369 T6-Lighting 2008 0.551 4 State Urban Non-Int 15561 151,884$    

2998 B6-Bridge Deck Overlay 2016 0 4 6622 State Rural Interstate 21400 674,750$    
3026 M2-Channel and Ditch Work 2014 0.01 4 9673 State Rural Non-Int 10970 108,575$    
3114 B8-Misc. Bridge Rehab & Repair 2014 0.11 0 3683 Local Urban Non-Int 8816 130,033$    
4254 B8-Misc. Bridge Rehab & Repair 2018 0 4 13872 State Urban Non-Int 21492 291,040$    
1514 R10-Pavement Replacement 2010 12.16 4 State Rural Non-Int 4310 4,579,884$ 
3884 B7-Thin Deck Overlay 2017 0 2 2337 State Rural Non-Int 2783 51,655$     
4053 B8-Misc. Bridge Rehab & Repair 2018 0 4 6187 State Urban Non-Int 16898 178,198$    
1994 B8-Misc. Bridge Rehab & Repair 2013 0 2 1055 State Rural Non-Int 4120 60,836$     
4033 R4-Partial 3 2017 5.647 2 State Rural Non-Int 9343 883,938$    
3756 B6-Bridge Deck Overlay 2017 0 4 10451 State Rural Interstate 33023 879,345$    
1300 B8-Misc. Bridge Rehab & Repair 2015 0 2 3223 State Rural Non-Int 420 119,901$    
463 R3-Patch & Rehab Pavement 2008 6.31 2 State Urban Non-Int 5480 649,820$    

1810 R4-Partial 3 2010 1.06 4 State Urban Non-Int 14300 511,483$    
1227 B6-Bridge Deck Overlay 2011 0 2 4590 State Rural Non-Int 1249 351,101$    
2311 B8-Misc. Bridge Rehab & Repair 2014 0 2 9094 State Rural Non-Int 3970 225,195$    
2254 B8-Misc. Bridge Rehab & Repair 2015 0 4 6622 State Rural Interstate 21400 185,715$    
3678 R9-Pavement, Other 2015 2.132 2 State Rural Non-Int 826 1,978,359$ 
3751 B6-Bridge Deck Overlay 2017 0 4 5699 State Rural Interstate 33023 618,472$    
3715 B8-Misc. Bridge Rehab & Repair 2015 0 2 2324 State Rural Non-Int 9610 98,313$     
375 R5-Road Rehabilitation (3R/4R) 2009 1 2 Local Rural Non-Int 3300 2,160,953$ 

2197 B7-Thin Deck Overlay 2016 0 4 4846 State Rural Non-Int 11680 87,190$     
342 B4-Deck Replacement 2009 0.01 2 6322 State Urban Non-Int 2043 2,118,340$ 

3018 R4-Partial 3 2014 1.88 2 State Rural Non-Int 7000 371,754$    
2345 R10-Pavement Replacement 2017 3.507 4 State Rural Non-Int 11379 2,721,526$ 
2008 B7-Thin Deck Overlay 2017 0 6 11160 State Urban Interstate 57228 110,349$    
3033 M2-Channel and Ditch Work 2014 0.01 4 11625 State Rural Interstate 16470 108,575$    
3753 B8-Misc. Bridge Rehab & Repair 2017 0 4 6330 State Rural Interstate 18857 180,690$    
1949 R10-Pavement Replacement 2010 0.6 2 State Rural Non-Int 1990 662,458$    
1299 B4-Deck Replacement 2016 0 2 7501 State Rural Interstate 108 1,732,538$ 
733 T3-Traffic Signals 2009 0.01 4 State Urban Non-Int 35140 152,400$    

4098 B8-Misc. Bridge Rehab & Repair 2017 0 6 10138 State Urban Interstate 77368 240,556$    
4014 R4-Partial 3 2017 5.199 2 State Rural Non-Int 9321 828,231$    
875 R10-Pavement Replacement 2009 0.9 2 State Rural Non-Int 11460 785,001$    
299 B5-Bridge Widening 2009 0.01 4 5969 State Urban Non-Int 22240 820,633$    

2801 R4-Partial 3 2013 2.832 2 State Urban Non-Int 10016 595,861$    
524 B2-Bridge Replacement 2011 0.021 2 3022 State Rural Non-Int 4380 968,863$    

2276 B6-Bridge Deck Overlay 2016 0.08 2 2712 State Rural Non-Int 1290 258,690$    
2110 R3-Patch & Rehab Pavement 2011 3.5 2 State Rural Non-Int 3770 298,899$    
3188 B8-Misc. Bridge Rehab & Repair 2018 0 2 7277 State Urban Non-Int 1 196,673$    
1441 R4-Partial 3 2010 11.999 2 State Rural Non-Int 9082 1,600,289$ 
1057 R5-Road Rehabilitation (3R/4R) 2014 1.1 2 Local Urban Non-Int 399 1,804,253$ 
1364 S1-Pipe Lining 2010 0.001 2 State Rural Non-Int 2234 87,513$     
3285 B6-Bridge Deck Overlay 2015 0 2 6957 State Rural Non-Int 1428 446,974$    
3501 B5-Bridge Widening 2017 0 6 9932 State Urban Interstate 65125 1,147,888$ 
3830 R4-Partial 3 2017 4.836 4 State Rural Non-Int 4821 1,456,084$ 
1438 R4-Partial 3 2012 2.845 4 State Urban Non-Int 16053 1,113,015$ 
4262 R10-Pavement Replacement 2018 12.879 2 State Rural Non-Int 771 2,391,214$ 
2380 R5-Road Rehabilitation (3R/4R) 2015 1.1 4 Local Urban Non-Int 37641 2,964,050$ 
427 T2-Signing 2008 2.255 2 State Urban Non-Int 10658 145,626$    

3072 B7-Thin Deck Overlay 2015 0 4 8048 State Urban Non-Int 7250 87,272$     
1765 R4-Partial 3 2009 0.867 2 Local Urban Non-Int 4954 234,586$    
2599 B6-Bridge Deck Overlay 2016 0 4 5351 State Rural Interstate 24310 596,251$    
1172 B1-New Bridge 2010 0 4 5650 State Rural Interstate 10653 2,245,150$ 
206 B6-Bridge Deck Overlay 2015 0.05 4 3412 State Rural Interstate 31329 459,228$    
781 R4-Partial 3 2014 5.424 4 State Rural Interstate 14199 2,487,634$ 

2415 R4-Partial 3 2014 0.903 2 State Urban Non-Int 11747 242,224$    
2065 B4-Deck Replacement 2017 0.149 4 15614 State Urban Non-Int 35250 1,972,692$ 
1981 R4-Partial 3 2011 4.183 4 State Rural Interstate 30141 2,027,353$ 
816 B2-Bridge Replacement 2011 0 2 2253 State Rural Non-Int 572 801,748$    

3837 B8-Misc. Bridge Rehab & Repair 2017 0 4 18176 State Rural Interstate 35508 342,972$    
2850 B8-Misc. Bridge Rehab & Repair 2016 0 4 10422 State Rural Interstate 43371 244,631$    
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 Project 
Length 

 Nr of 
Lanes 

 Deck 
Area 

 State 
/Local 

 Rural 
/Urban 

 Functional 
Class  ADT 

2827 R3-Patch & Rehab Pavement 2014 3.752 2 State Rural Non-Int 2322 307,202$    
2824 R4-Partial 3 2013 6.411 4 State Urban Non-Int 9044 2,110,436$ 
3986 B7-Thin Deck Overlay 2018 0 4 8961 State Rural Non-Int 7835 135,550$    
3723 R3-Patch & Rehab Pavement 2016 0.1 2 State Rural Non-Int 1970 73,616$     
1619 R9-Pavement, Other 2009 0.85 2 Local Urban Non-Int 4734 342,851$    
2011 B7-Thin Deck Overlay 2017 0 6 8516 State Urban Interstate 57228 90,878$     
520 S1-Pipe Lining 2010 15.21 2 State Rural Non-Int 7550 87,513$     

4197 M4-Slide Correction 2017 0.06 2 State Rural Non-Int 9234 644,017$    
2174 R10-Pavement Replacement 2017 7.138 6 State Urban Interstate 49461 5,435,198$ 
2442 B6-Bridge Deck Overlay 2015 0 2 4025 State Rural Non-Int 3520 325,363$    
1915 B1-New Bridge 2010 0 4 2211 State Rural Interstate 6172 1,116,133$ 
1340 B2-Bridge Replacement 2010 0.02 2 966 State Urban Non-Int 7042 464,501$    
2589 R4-Partial 3 2016 1.386 2 State Urban Non-Int 11065 339,433$    
3724 R3-Patch & Rehab Pavement 2016 0.01 6 State Urban Interstate 62059 116,333$    
3510 R3-Patch & Rehab Pavement 2014 0.051 4 State Urban Non-Int 13007 163,310$    
1508 R4-Partial 3 2010 6.58 2 State Rural Non-Int 5500 997,056$    
402 R5-Road Rehabilitation (3R/4R) 2008 0.13 2 Local Urban Non-Int 1250 662,857$    

3597 B8-Misc. Bridge Rehab & Repair 2017 0 4 3912 State Rural Non-Int 19402 134,888$    
2989 B2-Bridge Replacement 2016 0.05 7 11380 State Urban Interstate 112977 4,092,356$ 
2880 B8-Misc. Bridge Rehab & Repair 2014 0 6 10042 State Urban Interstate 87150 239,176$    
1298 B6-Bridge Deck Overlay 2014 0 4 3681 State Rural Non-Int 4220 308,912$    
4065 B8-Misc. Bridge Rehab & Repair 2018 0 4 11152 State Rural Non-Int 13972 254,899$    
515 B5-Bridge Widening 2008 0 4 11445 State Urban Interstate 53200 1,532,451$ 

1301 B1-New Bridge 2014 0 2 607 State Rural Non-Int 420 312,999$    
84 B2-Bridge Replacement 2012 0 0 2778 Local Rural Non-Int 220 917,678$    

3391 B8-Misc. Bridge Rehab & Repair 2015 0 4 6458 State Rural Interstate 26627 182,914$    
56 R3-Patch & Rehab Pavement 2008 11.06 2 State Urban Non-Int 5642 810,683$    

4175 R6-Wedge & Level Only 2017 1.228 2 State Rural Non-Int 2727 233,553$    
3240 B8-Misc. Bridge Rehab & Repair 2014 0 4 9061 State Rural Interstate 35660 224,696$    
2705 R4-Partial 3 2012 9.027 2 State Urban Non-Int 5091 1,484,642$ 
1647 R4-Partial 3 2010 0.95 2 Local Urban Non-Int 3250 252,098$    
1088 R4-Partial 3 2009 2.86 2 State Rural Non-Int 10180 517,307$    
2903 B8-Misc. Bridge Rehab & Repair 2014 0 4 7750 State Urban Non-Int 17870 204,332$    
1754 R10-Pavement Replacement 2012 0.828 2 State Rural Non-Int 1632 758,074$    
1187 R6-Wedge & Level Only 2009 1.25 2 State Rural Non-Int 8340 235,121$    
3590 B8-Misc. Bridge Rehab & Repair 2015 0 6 11044 State Urban Interstate 51511 253,402$    
1481 R4-Partial 3 2010 8.35 2 State Rural Non-Int 6438 1,202,809$ 
1090 R5-Road Rehabilitation (3R/4R) 2011 0.12 4 Local Urban Non-Int 14000 827,256$    
369 T6-Lighting 2008 0.551 4 State Urban Non-Int 15561 151,884$    

2998 B6-Bridge Deck Overlay 2016 0 4 6622 State Rural Interstate 21400 674,750$    
3026 M2-Channel and Ditch Work 2014 0.01 4 9673 State Rural Non-Int 10970 108,575$    
3114 B8-Misc. Bridge Rehab & Repair 2014 0.11 0 3683 Local Urban Non-Int 8816 130,033$    
4254 B8-Misc. Bridge Rehab & Repair 2018 0 4 13872 State Urban Non-Int 21492 291,040$    
1514 R10-Pavement Replacement 2010 12.16 4 State Rural Non-Int 4310 4,579,884$ 
3884 B7-Thin Deck Overlay 2017 0 2 2337 State Rural Non-Int 2783 51,655$     
4053 B8-Misc. Bridge Rehab & Repair 2018 0 4 6187 State Urban Non-Int 16898 178,198$    
1994 B8-Misc. Bridge Rehab & Repair 2013 0 2 1055 State Rural Non-Int 4120 60,836$     
4033 R4-Partial 3 2017 5.647 2 State Rural Non-Int 9343 883,938$    
3756 B6-Bridge Deck Overlay 2017 0 4 10451 State Rural Interstate 33023 879,345$    
1300 B8-Misc. Bridge Rehab & Repair 2015 0 2 3223 State Rural Non-Int 420 119,901$    
463 R3-Patch & Rehab Pavement 2008 6.31 2 State Urban Non-Int 5480 649,820$    

1810 R4-Partial 3 2010 1.06 4 State Urban Non-Int 14300 511,483$    
1227 B6-Bridge Deck Overlay 2011 0 2 4590 State Rural Non-Int 1249 351,101$    
2311 B8-Misc. Bridge Rehab & Repair 2014 0 2 9094 State Rural Non-Int 3970 225,195$    
2254 B8-Misc. Bridge Rehab & Repair 2015 0 4 6622 State Rural Interstate 21400 185,715$    
3678 R9-Pavement, Other 2015 2.132 2 State Rural Non-Int 826 1,978,359$ 
3751 B6-Bridge Deck Overlay 2017 0 4 5699 State Rural Interstate 33023 618,472$    
3715 B8-Misc. Bridge Rehab & Repair 2015 0 2 2324 State Rural Non-Int 9610 98,313$     
375 R5-Road Rehabilitation (3R/4R) 2009 1 2 Local Rural Non-Int 3300 2,160,953$ 

2197 B7-Thin Deck Overlay 2016 0 4 4846 State Rural Non-Int 11680 87,190$     
342 B4-Deck Replacement 2009 0.01 2 6322 State Urban Non-Int 2043 2,118,340$ 

3018 R4-Partial 3 2014 1.88 2 State Rural Non-Int 7000 371,754$    
2345 R10-Pavement Replacement 2017 3.507 4 State Rural Non-Int 11379 2,721,526$ 
2008 B7-Thin Deck Overlay 2017 0 6 11160 State Urban Interstate 57228 110,349$    
3033 M2-Channel and Ditch Work 2014 0.01 4 11625 State Rural Interstate 16470 108,575$    
3753 B8-Misc. Bridge Rehab & Repair 2017 0 4 6330 State Rural Interstate 18857 180,690$    
1949 R10-Pavement Replacement 2010 0.6 2 State Rural Non-Int 1990 662,458$    
1299 B4-Deck Replacement 2016 0 2 7501 State Rural Interstate 108 1,732,538$ 
733 T3-Traffic Signals 2009 0.01 4 State Urban Non-Int 35140 152,400$    

4098 B8-Misc. Bridge Rehab & Repair 2017 0 6 10138 State Urban Interstate 77368 240,556$    
4014 R4-Partial 3 2017 5.199 2 State Rural Non-Int 9321 828,231$    
875 R10-Pavement Replacement 2009 0.9 2 State Rural Non-Int 11460 785,001$    
299 B5-Bridge Widening 2009 0.01 4 5969 State Urban Non-Int 22240 820,633$    

2801 R4-Partial 3 2013 2.832 2 State Urban Non-Int 10016 595,861$    
524 B2-Bridge Replacement 2011 0.021 2 3022 State Rural Non-Int 4380 968,863$    

2276 B6-Bridge Deck Overlay 2016 0.08 2 2712 State Rural Non-Int 1290 258,690$    
2110 R3-Patch & Rehab Pavement 2011 3.5 2 State Rural Non-Int 3770 298,899$    
3188 B8-Misc. Bridge Rehab & Repair 2018 0 2 7277 State Urban Non-Int 1 196,673$    
1441 R4-Partial 3 2010 11.999 2 State Rural Non-Int 9082 1,600,289$ 
1057 R5-Road Rehabilitation (3R/4R) 2014 1.1 2 Local Urban Non-Int 399 1,804,253$ 
1364 S1-Pipe Lining 2010 0.001 2 State Rural Non-Int 2234 87,513$     
3285 B6-Bridge Deck Overlay 2015 0 2 6957 State Rural Non-Int 1428 446,974$    
3501 B5-Bridge Widening 2017 0 6 9932 State Urban Interstate 65125 1,147,888$ 
3830 R4-Partial 3 2017 4.836 4 State Rural Non-Int 4821 1,456,084$ 
1438 R4-Partial 3 2012 2.845 4 State Urban Non-Int 16053 1,113,015$ 
4262 R10-Pavement Replacement 2018 12.879 2 State Rural Non-Int 771 2,391,214$ 
2380 R5-Road Rehabilitation (3R/4R) 2015 1.1 4 Local Urban Non-Int 37641 2,964,050$ 
427 T2-Signing 2008 2.255 2 State Urban Non-Int 10658 145,626$    

3072 B7-Thin Deck Overlay 2015 0 4 8048 State Urban Non-Int 7250 87,272$     
1765 R4-Partial 3 2009 0.867 2 Local Urban Non-Int 4954 234,586$    
2599 B6-Bridge Deck Overlay 2016 0 4 5351 State Rural Interstate 24310 596,251$    
1172 B1-New Bridge 2010 0 4 5650 State Rural Interstate 10653 2,245,150$ 
206 B6-Bridge Deck Overlay 2015 0.05 4 3412 State Rural Interstate 31329 459,228$    
781 R4-Partial 3 2014 5.424 4 State Rural Interstate 14199 2,487,634$ 

2415 R4-Partial 3 2014 0.903 2 State Urban Non-Int 11747 242,224$    
2065 B4-Deck Replacement 2017 0.149 4 15614 State Urban Non-Int 35250 1,972,692$ 
1981 R4-Partial 3 2011 4.183 4 State Rural Interstate 30141 2,027,353$ 
816 B2-Bridge Replacement 2011 0 2 2253 State Rural Non-Int 572 801,748$    

3837 B8-Misc. Bridge Rehab & Repair 2017 0 4 18176 State Rural Interstate 35508 342,972$    
2850 B8-Misc. Bridge Rehab & Repair 2016 0 4 10422 State Rural Interstate 43371 244,631$    
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