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EXECUTIVE  SUMMARY  

Highway infrastructure improvement projects performed in heavily trafficked metropolitan areas 

frequently cause severe traffic inconvenience to the traveling public and commercial enterprises 

that rely on the roadways. Many State Transportation Agencies (STAs) are under increased 

pressure to minimize the work zone impacts occurred during lane closures. One innovative way 

of reducing construction duration is to offer contractors an early completion incentive bonus. The 

incentives/disincentives (I/D) provisions reward contractors with bonuses for early completion of 

projects and levy fines for delays. Indeed, I/D contracting has become one of agenciesô favored 

alternative strategies to satisfy the publicôs expectation for early project completion, applied 

widely to numerous high-impact transportation infrastructure improvement projects in 36 states. 

In essence, the I/D contracting strategy is widely used and preferred by STAs and contractors 

alike because it can establish a win-win solution for both parties.  

Gaps in Existing Knowledge and Practice 

Research to date shows that early completion incentives are an effective means to motivate 

contractors to use ingenuity to complete the project ahead of schedule. Although use of I/D is 

increasingly common, very little is known about how to quantify realistic I/D rates. As a result, 

STAs often struggle to select the most appropriate I/D rates. The lack of the proper I/D analytical 

tools and standardized methods that can concurrently link project peculiarities, contractorôs 

additional cost (CAC) of acceleration, and project impact on road users prevents STAs from 

realistically assessing the I/D dollar amounts.  

In theory, to encourage competitive contractors to bid on projects, an agency must offer I/D 

amounts greater than the CAC of acceleration. In practice, however, I/D rates are determined 

based mainly on historical data and road user cost (RUC), resulting in frequent misapplications. 

It rarely considers what it would take the contractor, in terms of additional resources and 

associated indirect costs, to achieve those incentives. Critically, the I/D amounts should not only 

factor what it is worth to the traveling public, but also account for the contractorôs additional 

commitments to achieve it. There is an immediate need to develop a holistic model for a variety 

of transportation projects to determine optimal I/D rates in a viable way to balance the agency 

benefits and the CAC. 

Research Scope and Stepwise Methods 
This research study assists STA engineers and decision makers to establish the most appropriate 

budgets and schedules by having advanced knowledge about the I/D consequences that are 

analyzed through the quantification of CAC and total savings to the agency and road users. To 

achieve this goal, this study creates and tests a novel decision-support analytical framework that 

can determine the most realistic and economical I/D rates and is applicable to a variety of 

transportation projects. This study blends existing schedule and traffic simulation techniques 

with a stochastic analysis to simultaneously capture project schedule for the I/D baseline, CAC 

as the I/D lower bound, and total savings (i.e., RUC + agency cost savings from early 

completion) to be served as the I/D upper bound. The quantified initial CAC provides a 

meaningful benchmarking point, representing the minimum level of I/D rate needed to minimally 

motivate contractors to pursue accelerated construction (or on-time completion). Throughout this 

study, however, researchers noticed that there could be a substantial gap between the lower 

bound of CAC and the upper bound of total savings, especially for heavily trafficked highway 
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rehabilitation projects where time is deemed critical with high RUC. To reduce the gap to 

acceptable levels, this study adopts the concepts of Level-of-Service (LOS) and Net Present 

Value (NPV) to determine more economical and realistic I/D rates that mirror the agencyôs need 

of early project completion. The concept of LOS was applied to adjust the initial CAC upward to 

provide a more realistic minimum I/D range that is effective to motivate a contractor to complete 

the project ahead of schedule. The concept of NPV was adopted to adjust the initially estimated 

total savings to road users and to the agency downward in order for STAs to determine I/D rates 

that fall within an agencyôs budget. In a nutshell, the initially estimated CAC and total savings 

are intended to serve as the minimum and maximum range of daily I/D rates while the adjusted 

values of CAC and total savings are desired to determine an optimal, realistic I/D rate between 

the adjusted CAC and total savings.   

 

The Constructability Analysis for Pavement Rehabilitation Strategies (CA4PRS) software has is 

reasonable in predicting optimum pavement construction production and can back-analyze 

historical I/D projects. CA4PRS was used in this study as a main analysis tool to create time-cost 

tradeoff data as well as to build RUC lookup tables. The Integrated Definition (IDEF0) function 

modeling technique was also adopted for this study to visualize stepwise approaches in sufficient 

details.  

The objective of the study was achieved by conducting a seven-stage methodology, each of 

which is closely interwoven. These seven steps are recommended for the implementation of any 

new I/D project or provision. These steps can be summarized as follows.  

Stage 1½Estimate the schedule baseline of I/D to quantify the probable number of days 

that can be saved by using an incentive schedule  

This stage quantifies baseline schedule of I/D project including the number of closures and 

working days that can be saved with use of an incentive-driven accelerated construction 

approach. The estimated difference between the number of closures necessary to complete a 

project by using a conventional schedule and an incentive schedule determines the maximum 

probable number of closures and working days that can be saved by using an incentive schedule. 

This schedule estimate is essential in that the daily I/D and maximum incentive amounts are 

determined as a function of the time the project can save. CA4PRS deterministic schedule 

simulations were implemented to develop a database of schedule estimate lookup tables. This 

new approach using the state-of-the-art CA4PRS software should reduce the number of 

contractors who receive incentives without committing additional effort. 
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Stage 2 for the initial lower bound of I/D½Quantify the CAC of acceleration by developing 

predictive models   

This stage computes the reasonable level of CAC of acceleration, which can effectively motivate 

contractors to pursue accelerated construction. Using the schedule simulation function of 

CA4PRS, a data set of the contractorsô time-cost tradeoff is created on four different resource 

usage levels. A regression analysis is then performed to develop predictive models that 

determine contractorsô most likely additional cost growth. In order to ensure that the quantifying 

model is applicable to a variety of transportation infrastructure improvement projects, the same 

processes were repeated for each of typical pavement rehabilitation strategies such as Jointed 

Portland Concrete Pavement (JPCP), Continuously Reinforced Concrete Pavement (CRCP), Hot 

Mix Asphalt (HMA), and Milling and Asphalt Concrete Overlay (MACO). Each strategy is 

referenced to typical cross-section designs to make the models applicable to a variety of highway 

rehabilitation projects. The quantifying models based on the time-cost tradeoff data (Tables 10ï

13) of each pavement strategy are shown in Equations (8)ï(11).  

Stage 3 and 4 for the initial upper bound of I/D½Computes total savings by accounting for 

the monetary values of the time saved by road users and to the contracting agency 
These stages compute total savings to be used as the I/D upper bound. The monetary value of 

time saved by the traveling public from early project completion can be quantified by RUC 

lookup tables (Tables 16ï18). To quantify the I/D upper bound, this study considers the new 

concept of total savings that extend the current practice to cover the monetary value of time 

realized in the agency cost (see Table 20), believing that the contracting agency can also save 

agency costs in proportion to the number of days the I/D project eliminates.  

A series of CA4PRS work zone simulations were performed to generate the RUC tables. The 

agency cost savings were quantified by taking major saving factors into account.   

Stage 5 and 6 for adjusting the lower and upper bounds of I/D½Adjust the initial CAC and 

total savings to quantify more realistic I/D rates 

These stages adjust the initial CAC by applying the concept of LOS. The total savings derived 

from stages 3 and 4 are adjusted by adopting a NPV analysis technique in order to arrive at more 

realistic I/D rates by applying appropriate discount factors. 

Stage 7½Determine optimal I/D rates through a validation study 

In this stage, the final I/D dollar amounts are determined in three forms such as a closure I/D, a 

daily I/D, and a maximum I/D. A validation study was conducted on two long-life large-scale 

I/D rehabilitation projects completed in Southern California, with the goals of demonstrating the 

entire procedure to arrive at optima I/D rates and investigating how robust the proposed 

framework is in predicting the actual values of I/D amounts. The validation study confirmed the 

robustness of the proposed framework.     
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Conclusions and Contributions  

This study presents a comprehensive framework that can be used to establish the optimized 

lower and upper bound for an I/D contract, an estimate that falls within an agencyôs budget and 

is still sufficient to motivate a contractor to complete the project ahead of schedule. It employs a 

holistic approach that integrates construction schedule, CAC, and total time value savings with a 

discounting algorithm. The proposed work can be used to justify whether incentives that will be 

paid to a contractor are recouped in the value of time saved by road users and the agency. The 

study results revealed a strong tradeoff effect between schedule and cost, suggesting that CAC 

growth rate can be determined by analyzing how the CAC interacts with the agencyôs specified 

schedule goal. The robustness of the proposed seven-stage methodology was tested and 

confirmed by conducting a validation study with two real-world construction projects. 

The validation study reveals that both projects considered in this study were appropriate for 

application of an I/D provision since the estimated lower bound was smaller than the total time 

value savings. The validation study also proved the analytical capability of the model for 

highway rehabilitation projects in estimating realistic I/D amounts. Specifically, the contracting 

agency used a closure incentive of $100,000 for the I-710 project. The I/D amount ($100,000 per 

55-hour weekend closure) set by the agency was close to the adjusted lower bound ($71,651 per 

closure) predicted by the model. However, in the post-construction meeting with the contractor, 

the agency acknowledged that the incentive amount paid to the contractor was not enough for the 

contractor to recoup the cost added for accelerating construction; the adjusted upper bound was 

$1.36 million per closure. Because this project had been time-critical, a larger incentive amount 

could have been put in place to more effectively motivate the contractor to complete the project 

earlier. 

This research is the first of its kind and expected to be a significant leap forward over current ad-

hoc approaches that rely heavily on STA engineersô intuition, historical data, and judgment, 

made primarily on the impact of I/Ds on road users. The proposed work provides research 

communities and industry practitioners with the first holistic view that they can use to determine 
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the most economical and realistic I/D dollar amounts for a given project. Use of the proposed 

framework can help agency engineers and decision makers make better-informed decisions and 

allocate more realistic incentives when they consider the implementation of an I/D provision, 

which will result in more favorable cost-benefit ratios and better use of public funds. If the 

agency allocates an incentive smaller than the contractorôs added cost, this may keep competitive 

contractors from submitting a bid. Use of the framework can also benefit contractors bidding on 

projects that include I/D provisions because it can provide them with advanced knowledge of the 

balanced time-cost tradeoff amount required for acceleration. Critically, it will significantly 

reduce the agencyôs expenses in the time and effort required for determining I/D rates.  

Finally, the research team has recommended that pioneering STAs champion the use of the 

proposed work in an attempt to apply the proposed framework to time-sensitive pilot projects to 

test whether the proposed framework can reasonably determine and justify the most economical 

I/D dollar amounts.   

 

  



 

xviii  

NOMENCLATURE  

AADT Annual Average Daily Traffic  

ACP Asphalt Concrete Pavement 

AADT  Annual Average Daily Traffic 

CAC Contractorsô Additional Cost  

Caltrans California Department of Transportation 

CA4PRS Construction Analysis for Pavement Rehabilitation Strategies 

COZEEP Construction Zone Enhanced Enforcement Program 

CRCP Continuous Reinforced Concrete Pavement 

FHWA Federal Highway Administration 

HMA Hot Mixed Asphalt 

I/D Incentive/Disincentive 

JPCP Jointed Plain Concrete Pavement 

LLPRS Long Lasting Pavement Rehabilitation Strategies 

LOS Level of Service 

MACO Milling and Asphalt Concrete Overlay  

NPV Net Present Value 

RUC Road User Cost 

STAs State Transportation Agencies 

 

 

DEFINITION OF TERMS  

Lane-kilometer (mile) The total length of all lanes calculated as centerline 

kilometer (mile) multiplied by the number of lanes 

Value of Time (VOT) The monetary equivalent of travel time wasted as a 

result of rehabilitation work 

Road User Cost (RUC) Monetary value of the estimated loss in dollars caused 

by delays in completing critical civil transportation 

projects 

Contractorôs Additional Cost (CAC) A critical factor for competitive contractors to minimally 

motivate to pursue accelerated construction, defined as 

the minimum I/D rate 

Total Savings Total time savings to road users and the agency (i.e., the 

sum of RUC and agency cost) 

Level of Service (LOS) Letter designations A through F that measure and 

describe the operational effectiveness of a roadway 

section undergoing rehabilitation/renewal work 

Net Present Value (NPV) A standard method to evaluate the time value of money 

(cash flows) for long-term project, described as todayôs 

worth of a future amount of money, before interest 

earnings and charges 
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1 INTRODUCTION  AND BACKGROUND  

1.1 Highway Construction Paradigm Shift 

The aging of the transportation infrastructure in the U.S. has created an urgent challenge for 

State Transportation Agencies (STAs)ðthey must renew badly deteriorated infrastructure 

systems while minimizing the impact and inconvenience that construction lane closures have on 

the traveling public. STAs are facing an immediate need for massive highway infrastructure 

rebuilding, as promoted by specific $80 billion funding targeted for extensive transportation 

infrastructure rehabilitation projects (Choi and Kwak 2012). Such highway infrastructure 

improvement projects performed in heavily trafficked metropolitan areas frequently cause severe 

traffic inconvenience to the traveling public and commercial enterprises that rely on the 

roadways, resulting in the average driver burning 67 hours and 32 extra gallons of fuel each year 

(Hasley 2013). Therefore, many STAs are under increased pressure to minimize the work zone 

impacts occurred during lane closures.  

The Federal Highway Administration (FHWA) made a stride toward addressing this growing 

challenge by launching the Every Day Count initiative aimed at shortening project completion 

times (FHWA 2012). Research into public perception has also shown that the traveling public 

and affected businesses show a willingness to pay higher construction costs when they anticipate 

that shortened construction schedules will mitigate their overall inconvenience (Choi et al. 2009).  

 

Figure 1. I/D and Alternative Project Delivery Methods versus States. 
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1.2 Alternative Accelerated Technical Concepts: Time-Based Incentive/Disincentive  

Transportation infrastructure improvement projects in heavily-trafficked urban areas 

inconvenience the traveling public. Among the undesirable impacts for both STAs and the 

traveling public created by lane closures during construction are severe congestion, safety 

problems, and limited property access (Lee and Choi 2006). In particular, traffic disruptions at 

construction work zones (CWZs) on urban highway networks frequently create conflicts between 

STAs and the nearby communities.  

To carry out transportation infrastructure improvements, STAs must close portions of highways 

while minimizing the impact of the necessary traffic changes on the traveling public and area 

businesses during the construction period. These apparently conflicting requirements 

demonstrate the challenge that STAs face: innovative contracting strategies that can both reduce 

construction duration and lessen unfavorable traffic impact to the traveling public and 

commercial enterprises that rely on these roadways. To mitigate these traffic disruption problems 

while responding to the challenge, the FHWA and the Transportation Research Board (TRB) 

have recommended experimenting with innovative approaches that have the potential to reduce 

construction time and diminish traffic disruption during construction.   

One innovative way of reducing construction duration is to offer contractors an early completion 

incentive bonus that can motivate them to apply their ingenuity to completing projects early. 

STAs have experimented with I/D contracting strategies either as a stand-alone method or in a 

combination with other alternative accelerated technical concepts (e.g., cost-plus-time combined 

with I/Ds). I/D provisions help agencies balance the cost of road-user delay and project delivery 

expense. I/Ds have been used to accelerate construction under both the design-bid-build and 

design-build delivery methods. Even the contracting community has an interest in agencies 

setting I/Ds properly.  

To motivate contractors to complete construction projects early on high-impact highway 

pavement construction projects, STAs have used I/D provisions. I/D contracting has become one 

of agenciesô favored alternative strategies to satisfy the publicôs expectation for early project 

completion. Time-based I/D provisions are one of the most widely used strategies for reducing 

construction time preferred by STAs and contractors alike because they can establish win-win 

solutions for both parties (Ibarra et al. 2002; Sukumaran et al. 2006). The I/D contracting 

rewards contractors with bonuses for early completion of projects and levies fines for delays. 

The motivation behind the decision to use I/D provisions is to reduce the construction schedule 

on projects that cause significant cost impacts to the public as measured by road user cost 

(RUC). Adopting I/D provisions can help agencies save on road-user delay costs by cutting 

construction time, while contractors can increase profits by receiving an incentive bonus. 

Currently, I/D provisions have been applied widely to numerous high-impact transportation 

infrastructure improvement projects in 36 states, as depicted in Figure 1 (Choi et al. 2012). 
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2 RESEARCH OBJECTIVES AND METHODS 

2.1 Gaps in Existing Knowledge 

As shown in Figure 1, I/D contracting has been used widely in 36 states. Although use of I/D is 

increasingly common, very little is available for quantifying realistic I/D rates. As a result, STAs 

often struggle to select the most appropriate I/D rates. The lack of the proper I/D analytical tools 

to concurrently link project peculiarities, contractorôs additional cost (CAC) of acceleration, and 

project impact on road users prevents STAs from realistically assessing the I/D dollar amounts.  

The amount of compensation specified in I/D contracts not only affects contractor project 

performance but also reflects how an agency spends taxpayer money. A contracting agency that 

wants to use the I/D contracting method must first determine the monetary value of the time 

saved by earlier project delivery. However, determining realistic incentive dollar amounts based 

on the value of time saved is a challenge because of the lack of standardized methods and 

computerized analytical tools. STAs have determined I/D rates mostly by their impacts on RUC, 

as measured as savings or delays (Choi et al. 2012). However, this often results in frequent 

misapplications and substantial losses of public resources. Determining I/D rates that promote 

early completion of projects, exceed contractorsô additional cost of acceleration, and are below 

the total savings in the RUC is extremely difficult. Contractorsô reluctance to disclose pertinent 

cost data is part of the problem, but the larger issue is that there is no systematic method or tool 

for helping STAs determine effective I/D rates (Choi and Kwak 2012). Although methods for 

determining daily I/D amounts and maximum incentive amounts have advanced over the years, 

many researchers and practitioners agree that currently available tools cannot concurrently 

capture project-specific peculiarities, RUC, and CAC (Gillespie 1998; FDOT 2000; Choi and 

Kwak 2012). 

2.2 Research Objectives 

This project creates and tests a novel decision-support analytical framework that determines the 

most realistic and economical I/D rates and is applicable to a variety of transportation projects. 

Early completion incentives have been shown to be an effective way to motivate contractors to 

use their ingenuity in order to complete the project ahead of schedule (Herbsman and Ellis 1995; 

Ibarra et al. 2002; Shr and Chen 2004; Ellis and Pyeon 2005; Shr and Chen 2006; Sillars and 

Leray 2006; Ellis et al. 2007; FDOT 2000; Fick 2010; Jiang et al. 2010; Choi and Kwak 2012; 

Choi et al. 2012; Pyeon and Lee 2012). In theory, to encourage competitive contractors to bid on 

projects, an agency must offer I/D amounts greater than the contractorôs additional cost of 

acceleration. In practice, however, I/D rates are determined based mainly on RUC, resulting in 

frequent misapplications (Lee and Ibbs 2005; Choi et al. 2012; Pyeon and Lee 2012). It rarely 

considers what it would take the contractor, as translated into CAC for schedule acceleration 

with additional resources and associated costs to achieve those incentives and to avoid 

disincentives. Ideally, the I/D amounts should not only be quantified on what it is worth to road 

users (i.e., RUC), but also takes the contractor to achieve it (i.e., CAC). There is an immediate 

need to develop a model that is not only theoretically justified but also practically useful and 

applicable to real-world projects for the determination of optimal I/D rates that strike a balance 

between RUC and CAC. To achieve this, this study has the following six distinct tasks: 
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1. Gather preliminary information and identify gaps in knowledge. 

2. Generate comprehensive time-cost tradeoff data from stochastic simulations sourced from 

real-world highway pavement rehabilitation projects. 

3. Develop stochastic models for each typical type of pavements for estimating CAC (lower 

bound of I/D) by combining an existing schedule simulation technique with regression 

methods.  

4. Develop a comprehensive lookup tables for the estimate of RUC (upper bound of I/D) from 

simulations.  

5. Develop a novel algorithm to adjust the initial estimates of CAC and RUC by applying the 

concepts of level of service and net present value.   

6. Validate research results with real-world highway rehabilitation projects.  

2.3 Research Methods 

To achieve the objectives, this study used simulation-based stochastic approaches that 

concurrently capture schedule (I/D baseline), CAC (I/D lower bound), and total savings (I/D 

upper bound) in RUC and agency cost by combining existing schedule and traffic simulations 

with a stochastic analysis. In this project, a novel analytical algorithm based on the concepts of 

Level of Service (LOS) and Net Present Value (NPV) was also developed to test the validity of 

the research hypothesis that the variables can be used to determine the most economical and 

realistic I/D rates by effectively adjusting the initial values of the lower and upper bounds 

(Figure 2). 

 

Figure 2. I/D Determination Principles. 

Determining an optimal I/D dollar amount has typically been a daunting task for STAs, often 

adding cost to a project due to the missing link between what it is worth to the traveling public 

and what it additionally takes the contractor to accelerate construction for achieving early project 

completion. The main problem is a lack of holistic theoretical but practical algorithms 

specifically aimed at quantifying and validating I/D rates. Although the existing research 

provides valuable proof-of-concept studies, a rigorous theoretical and practical framework that 

captures time-cost tradeoff effects of I/D, savings to motorists and the agency, and adjustments 

concurrently is desperately needed for the determination of optimal I/D rates. Such a framework 

can translate into better use of public funds while advancing existing knowledge. This project 

aims to address this pressing need. The research methods of this study can be generally divided 

into the following activities, which are closely connected to each other: 
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1. Baseline Schedule Estimation: It quantifies the number of closures and working days by 

which the project can be shortened with use of an incentive-based accelerated scheduleð

with an expectation that the accelerated project will use 15 to 20 percent more resources than 

a conventional schedule. CA4PRS deterministic schedule simulations were used to develop a 

database of schedule estimate lookup tables by considering five critical factors that 

significantly affect project schedule, such as construction strategies (i.e., concrete, asphalt, 

and milling), project scope (i.e., lane-miles to be rebuilt), pavement design (i.e., cross-section 

design), construction windows (i.e., nighttime, weekday, weekend, and 24/7), and resource 

constraints (e.g., number of concrete delivery trucks per hour per team).  

2. Time-Cost Tradeoff Model for Quantifying CAC : A series of Monte Carlo simulations 

with CA4PRS was carried out. Through the simulations, comprehensive schedule trend data 

were generated, which captures schedule compression effects on four different levels of 

resource use in the number of resources per hour per team, that is, ordinarily, a 5 percent 

increase, 15 percent increase, and 25 percent increase. Simulation results indicate that 

25 percent increase on the ordinary level of resource use be a productivity ceiling point. 

Subsequently, changes in cost in response to schedule compression were then computed 

manually based on a widely accepted cost manual. By doing so, the research team was able 

to create a set of contractorsô time-cost tradeoff data on the four different resource usage 

levels by analyzing how the CAC interacts with the agencyôs specified schedule goal. Lastly, 

the time-cost tradeoff relationship was plotted to determine the type of regression equation 

that best fits the data. The research team found that a quadratic curve function best describes 

the time-cost relationship, and an initial CAC regression model of Equation (2) was derived 

using the quadratic function. With the initial model, a regression analysis was then carried 

out to create a predictive model that determines the CAC of acceleration.  

3. Quantification of Total Savings to Road Users and to the Agency: A rich set of lookup 

tables for quantifying the monetary value of time saved by road users (i.e., RUC) was 

generated from CA4PRS traffic simulations. The monetary savings to the agency were 

quantified by adding up three major reduction factors such as reductions in the costs of 

construction zone enhanced enforcement program (COZEEP), agency engineering cost 

(AEC), and moveable concrete barrier (MCB) rental.  

4. I/D Adjustment from Initial CAC and RUC : To determine the most appropriate I/D rates 

for a given project, the concepts of level of service and net present value were applied to 

make a reasonable adjustment between initially estimated CAC and total savings.  

5. Validation of the Proposed I/D Framework with Real-World Projects: The proposed 

framework was applied to two long-life I/D highway rehabilitation projects to check the 

robustness of the model in predicting the actual values of I/D amounts. 

In order to ensure that the proposed framework is applicable to a variety of transportation 

infrastructure improvement projects across states in the United States, the same processes were 

repeated for each of typical pavement rehabilitation strategies such as JPCP, CRCP, HMA, and 

MACO. The proposed integration model produces three types of I/Ds such as closure I/Ds, daily 

I/Ds, and the maximum incentives. The research team believes that the proposed integration 

approach to determining an appropriate I/D rate can justify the I/D rate from a cost-benefit 

analysis standpoint. ñCostò is defined as the incentive fee that is subtracted from the CAC of 

acceleration. ñBenefitò is defined as monetary savings to road users and to the agency from early 

project completion. To be an effective I/D rate, the additional cost commitment paid to the 

contractor must be recouped in the value of time saved by road users and the agency. The study 
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results revealed a strong tradeoff effect between schedule and cost, suggesting that the level of 

CAC for acceleration can be captured as a function of reduced construction times with the 

proposed time-cost tradeoff models. The robustness of the proposed modeling framework was 

then validated through two case studies, applied to two highway pavement rehabilitation projects 

where time was deemed critical due to heavy traffic volumes. This research is expected to be a 

significant leap forward over current ad-hoc approaches that rely heavily on STA engineersô 

intuition, judgment, and historical data, thus lacking theoretical foundations. This provides 

research communities with the first view that they can use to determine the most economical and 

realistic I/D dollar amount for a given project. 

The Constructability Analysis for Pavement Rehabilitation Strategies (CA4PRS) software has 

been reported to be reliable in predicting optimum pavement construction production (Choi and 

Kwak 2012; Lee and Ibbs 2005). This study adopts CA4PRS as a main analysis tool to create 

baseline time-cost tradeoff data as well as to build RUC lookup tables. In addition, to effectively 

visualize the processes of each analysis in sufficient detail, a process modeling technique was 

adopted for this study, which is widely used to depict, understand, and analyze processes. The 

research team also used the Integrated Definition (IDEF0) function modeling technique for 

demonstrating the optimal I/D determination processes in sufficient details, associated with each 

of the above listed five main research activities. The IDEF0 modeling technique has been proven 

to be an effective tool for visualizing the modeling processes (Anderson and Fisher 1997; Fisher 

1997; MnDOT 2013).   

2.3.1 Use of CA4PRS for Building Baseline Data  

Agency efforts to deliver projects in a timely manner have been furthered by use of innovative 

software analysis programs and scheduling techniques such as Critical Path Method (CPM) or 

Program Evaluation and Review Technique (PERT). A more recent tool arising from these 

efforts is a state-of-the-art tool called Construction Analysis for Pavement Rehabilitation 

Strategies, which has come into use because of its ability to analyze schedules, costs, and work 

zone traffic impacts (Figure 3).  

CA4PRS was developed under the FHWA pooled research fund with a multistate consortium 

(California, Minnesota, Texas, and Washington). The software has three main functions: 

schedule, cost, and work zone estimates. CA4PRSôs schedule analysis estimates the duration of 

highway rehabilitation project in terms of total number of closures by considering the following 

critical factors that affect project duration: project scope (lane-mile to be rebuilt), construction 

strategies (e.g., concrete, asphalt concrete, milling), cross-section designs, construction windows 

(e.g., nighttime, weekend, extended 24/7 operations), and contractor logistics and resource 

constraints (Lee and Ibbs 2005). CA4PRSôs work zone analysis, which is based on the Highway 

Capacity Manual demand capacity model, quantifies the impact of construction work zone 

closures on the traveling public in terms of road user cost and time spent in queue (Lee et al. 

2008). 

CA4PRS has been widely used in California and in four other states. Validation studies on 

several major highway rehabilitation projects in states including California, Washington, and 

Minnesota proved the scheduling reliability and accuracy of the software, and as a result, there 
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has been nationally growing acceptance of the program including recent arrangements by FHWA 

of free group licenses for all 50 states.  

CA4PRS played a pivotal role in this research in generating the baseline data for integration of 

schedule/time value savings/additional cost growth. It was used to estimate:  

Á How many closures the project would take. 

Á How much road user costs could be reduced by shortening construction time. 

Á How many closures (days) a contractor can reasonably eliminate under four given 

resource levels.  

Since the scheduling reliability and accuracy of CA4PRS was validated with numerous highway 

renewal projects, it was assumed that the programôs use would provide reliable baseline data. 

 
Figure 3. Input and Output Examples of the CA4PRS Schedule Estimate. 
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2.3.2 Use of IDEF0 Process Modeling Technique 

The Integrated Definition function modeling technique was used for this study to highlight each 

of stepwise procedures aimed to arrive at optimal I/D rates. IDEF0 process modeling technique 

is a graphical description of the processes while showing logics of the modeling (Liu and Hu 

2011). The IDEF0 modeling tool has been widely used to improve the communication process 

within the system and also to document, plan, analyze, design, and integrate algorithms, as it 

help to modify the logic and process.  

Six different types of IDEF modeling tools are summarized below. Among six modeling 

techniques, this study adopts the IDEF0 technique for capturing the details of the I/D 

determination process.  

Á IDEF0: for function modeling.  

Á IDEF1: for information modeling. 

Á IDEF1x: for data modeling. 

Á IDEF3: for process modeling. 

Á IDEF4: for object-oriented design. 

Á IDEF5: for ontology description capture. 

As depicted in Figure 4, the IDEF0 function modeling technique is based on the arrow syntax 

(Talluri and Yoon 2000). The figure demonstrates that the activity transforms inputs into outputs; 

inputs are shown by the entering arrow while the outputs are expressed by the exiting arrow on 

the right side of the activity box. Controls are defined as the factors that guide how the activity is 

performed while mechanisms describe what tools and methods are involved to perform the 

activity.   

A0

Function or 
Activity

Inputs Outputs

Controls

Mechanisms

Items that trigger 
the activity

Factors that guide or 
regulate the activity

Means such as people, systems, 
equipment used to perform the activity

Results of the 
activity

 
Figure 4. Basic IDEF0 Syntax. 

IDEF0 modeling technique consists of several activities arranged in a top to bottom fashion. A 

simple hierarchical structure of an IDEF0 model is mentioned in Figure 5. This top-level 

function is decomposed into sub-function parts and is further decomposed until all of the relevant 
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detail of the whole function is adequately visible (Waltman and Presley 1993). This process is 

called creating a child diagram. 

 
Figure 5. IDEF0 Model Decomposition Structure (Waltman and Presley 1993). 

2.4 Research Assumptions and Limitations  

There are three basic types of incentives: cost-based incentives, quality-based incentives, and 

time-based incentives. The decision-support modeling framework developed in this research is 

limited to the time-based incentives. Time-based incentives can be divided into two categories: 

linear incentives and escalating incentives. Shr and Chen defined these concepts as follows: ñfor 

the linear I/D, contractors receive or are charged the same daily amount regardless of the number 

of days completed early or late. For the escalating I/D, the earlier or later a job is completed, the 

greater the daily amount paid to or assessed against the contractorò (Shr and Chen 2004). This 

research will only take linear I/D into account under the following three research assumptions: 

Á All schedule and traffic simulation parameters are based on real-world highway 

pavement rehabilitation projects that were independently implemented and completed. 

Each simulation on generating schedule trend data and RUC lookup tables was also 

independently performed. All simulation data to be generated are assumed to be 

statistically independent.    

Á When estimating the CAC prediction model, contractorsô individual production 

performance and work experiences were assumed to be identical.  

Á When validating the proposed framework, it was assumed that agency engineers were not 

biased in setting the original contract duration.  
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3 I/D DETERMINATION PR ACTICE IN EXISTING K NOWLEDGE  

Researchers conducted a thorough review of literature on the I/D determination to gain an insight 

into the crucial factors to consider in estimating an I/D rate. This literature review provided a 

comprehensive overview of crucial elements in the implementation of I/D provisions and a 

summary of case studies conducted by seven leading STAs to investigate the state-of-practice of 

I/D provisions.  

The existing literature provides information about current industry practice on time-based I/D 

provisions and their effects on project acceleration and operations. The general themes emerged 

from the review include:  

Á The existing literature is outdated and insufficient. Besides, methodical research has not 

been conducted to frame the I/D determination procedures.    

Á Methods to determine daily I/D amount and contract time have advanced over the years, 

but they still have many limitations. 

Á Engineersô overestimation of contract time is noticeable in the studies to date and 

impedes the effective application of the time-based I/D contracting method. 

Á A daily I/D amount is calculated on a project-by-project basis using established 

construction engineering inspection costs, state-related traffic control and maintenance 

costs, detour costs, and road user costs.  

Á Engineering judgment has been used to adjust the calculated daily amount downward to a 

final daily I/D amount.  

Á Estimation of RUC may be done using acceptable state highway agencyôs policies and 

procedures. 

Á Most recent information should be used for calculating Vehicle Operating Cost. 

Á The daily incentive rate should never exceed the daily disincentive rate.  

Á A maximum of 5 percent has been specified as the incentive cap with no recommendation 

on the maximum disincentive amount. 

Á A daily I/D amount should provide a favorable benefit/cost ratio to the traveling public 

and be large enough to motivate the contractor. 

Á Theoretical frameworks or methods that can quantify optimal I/D rates by concurrently 

accounting for what it additionally takes the contractor and what it is worth to road users 

are missing entirely in existing knowledge and practice.  

The following six sections summarize the key elements to be addressed when applying I/D 

provisions: the current state-of-practice in determining the value of time and contract completion 

time; and the impacts on contractors and agencies, costs and schedules, and administration and 

project operations. 

3.1 I/D Selection Criteria 

Several studies contain information on the selection criteria for determining whether or not to 

apply a time-based I/D provision (Christiansen 1987; Plummer et al. 1992; Jaraiedi et al. 1995; 

NYSDOT 1999; Livingstone et al. 2002; Ibarra et al. 2002; Rister and Wang 2004; Shr and Chen 

2004; Choi et al. 2011; Choi et al. 2012). In general, the use of time-based I/D contracting 

method is limited to heavily trafficked, fast-track projects where achieving the earliest possible 
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project completion is needed to minimize inconvenience to the traveling public. The selection 

criteria for employing a time-based I/D provision include: 

Á Heavy traffic volumes and anticipated high RUC increases due to construction. 

Á Major rehabilitation of a system already in use that will severely disrupt the current flow 

of traffic. 

Á Work that will complete a gap in the highway system. 

Á Limited access to detour routes. 

Á Significant impact on public safety and abutting businesses. 

Á Significant impact on emergency service. 

Considering these criteria, time-based I/D provisions should be used carefully since they usually 

increase costs to the contracting agency and use public resources (Jaraiedi et al. 1995; Gillespie 

1998; Sun et al. 2013). How candidate projects are selected and which criteria are the most 

important ones in the selection process will be further examined and evaluated through a 

continuous review of pertinent literature. 

3.2 Determination of Project Completion Time  

In the implementation of time-based I/D projects, the determination of contract time may be the 

most affecting factor that strongly influences the effectiveness of I/D. FHWA defines contract 

time for time-based I/D projects as ñthe time (completion date in a calendar-day basis) 

established for the contractor to complete critical work ahead of schedule on identified projects. 

This time is effective immediately when traffic is impacted by the project and normally ends 

when unrestricted traffic is permitted on the identified projectsò (FHWA 1989). 

In the time-based I/D contracting method, the contracting agency determines how long it will 

take to complete the project. Estimation of contract completion time by the agency is presented 

as part of the bid documents. In determining contract time, a CPM analysis or a manual 

calculation is typically used as the basis for the average production performance of the 

contractor. Some researchers believe that an experienced competitive contractor can reduce 

construction time and receive an incentive bonus without an additional commitment of resources 

especially because of the previously noted tendency of agencies to overestimate contract time 

(Herbsman and Ellis 1995; Choi and Kwak 2012). Moreover, the related literature points out that 

systematic approaches to determining contract completion times have rarely been found in 

current industry practice. 

3.3 Determination of Road User Cost 

Although STAs have mostly determined I/D rates by their impacts on RUC, as measured as 

savings or delays (FDOT 2000; Choi et al. 2011; Pyeon and Lee 2012), there has not been a 

formally established standard calculation procedure. RUC considers the concept of opportunity 

cost, defined as time lost by motorists to traffic delays that could have been spent in recreation or 

work. It plays a pivotal role in work zone impacts assessmentðused to identify impacts on 

service levels, determine lane-closure strategies, and identify I/D rates. In the A+B contracting 

method, the daily RUC serves to help the contractor determine the monetary value of time (B) 
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when making a bid. In the I/D contracting method, daily RUC is used as the basis for 

determining an appropriate I/D amount.  

The RUC is comprised of the following three elements: (1) the travel time change due to delays 

during construction, (2) the average number of passengers per vehicle, and (3) the hourly cost 

per passenger (Shr and Chen 2004). Externalities such as air-quality cost and vehicle noise 

factors have rarely been reflected in the calculation of RUC (Gillespie 1998). The bottom line for 

determining daily I/D rates is that the rates must reflect an overriding time-saving benefit for the 

traveling public (Herbsman et al. 1995; Plummer et al. 1992; Sun et al. 2013). In other words, to 

be effective, the I/D amount should be greater than the increases in the contractorôs additional 

costs and smaller than total RUC (Rister and Wang 2004). Even if there is a high RUC, most 

states have refused to use an amount equal to RUC as an incentive because of budget limitations. 

Therefore, how effectively the initial RUC can be discounted is important for the effective use of 

the time-based I/D contracting method. 

The most widely used state-of-practice software for calculating RUC is the Highway Capacity 

Software (HCS). This is based on the Highway Capacity Manual (HCM) and MicroBENCOST 

(Gillespie 1998). QUEWZ, QuickZone, and HCS are being widely used for the calculation of 

queue length and work zone delays (Benekohal et al. 2003). MicroBENCOST emerged as an 

alternative to QUEWZ, which has been used since the early 1980s. MicroBENCOST was based 

on the 1985 HCM and the 1977 AASHTO ñRed Book,ò with special emphasis on the calculation 

of vehicle operating cost (TTI 1993). Developed in 1995, HCS is a computer version of the HCM 

for calculating RUC (University of Florida 1995). The FHWA recently developed the Microsoft 

Excel spreadsheet-based QuickZone as an estimating tool for work zone delays (FHWA 2005). 

QuickZone was developed to evaluate traveler delays due to construction. It provides a complete 

and realistic view of total construction costs based on the estimation and quantification of work-

zone delays and the resulting user costs (FHWA 2005). 

3.4 Determination of Daily I/D Amount  

Methods for determining the daily I/D amounts have evolved over the years and they vary from 

one state to another. Even though I/D amounts are determined by RUCs in some innovative 

states, the majority of STAs still use a percentage of the total project cost to determine them 

(Benekohal et al. 2003). The same value is typically used for both the daily incentive and 

disincentive with some exceptions (Plummer et al. 1992; Jaraiedi et al. 1995; Benekohal et al. 

2003).  

The work of Plummer et al. shows a conventional way to manually determine the initial I/D 

amounts (Plummer et al. 1992). According to the study, 5 percent of total project cost is first 

determined to serve as the maximum incentive amount. (FHWA also recommends a cap of 

5 percent of the total project cost be used as the maximum incentive [Ibarra et al. 2002].) To 

calculate the (maximum possible) daily I/D amount, the initial maximum incentive amount is 

divided by the number of days that are saved by using the I/D fast-track schedule. After the 

determination of the daily I/D amount, the maximum number of days for the incentive payment 

should be determined by the difference in the number of days required to complete the project 

using an accelerated schedule versus an I/D schedule (Jaraiedi et al. 1995). The maximum 

number of days is limited to 30 percent of the engineerôs time estimate for that phase (NYSDOT 
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1999). The maximum incentive amount is then capped by multiplying the daily incentive dollar 

amount. In general, the maximum incentive amount is limited to 5 percent of the total 

construction cost (Herbsman et al. 1995; Arditi et al. 1997; Shr and Chen 2004). The critical 

problem in this conventional way of manually determining I/D amounts is that it does not reflect 

time savings to road users, an accurate construction schedule and production rate, and the 

specific needs for early completion due to the heavy traffic volumes through the CWZ. 

The daily I/D amount has increased over time from a range of $1,000 to $5,000 and $2,500 to 

$5,000 (Herbsman et al. 1995) to a range of $5,000 to $20,000 (Yakowenko 2000; Sun et al. 

2013). The daily I/D amount is usually higher in urban areas than in rural areas due to higher 

urban RUCs (Benekohal et al. 2003). In most states, where the time-based I/D provisions have 

been implemented, the initial daily I/D amount is adjusted downward to provide a favorable 

benefit-cost ratio for the contractors and the traveling public.  

3.5 Pros and Cons of I/D Contracting 

Generally, time-based I/D provisions increase costs for both agencies and contractors, but 

agencies benefit by the time saved by road users and the contractors benefit from incentive 

bonuses. The research experience of Herbsman and Ellis indicates that 99 percent of the 

contractors in 35 states who contracted with I/D provisions on highway infrastructure projects 

received an incentive bonus (Herbsman et al. 1995; Herbsman and Ellis 1995), which supports 

the assertion that overestimation of contract completion time is prevalent. 

Following is a list of pros and cons of the I/D contracting method compared with the 

conventional contracting method:  

1. Pros 

Á I/D contracting reduces construction time significantly (Christiansen, 1987; Jaraiedi et 

al., 1995; Choi et al. 2012). For example, 100 percent of I/D projects in Missouri in 2011 

were completed on time or sooner, significantly higher on-time completion rate that non-

I/D projects (Sun et al. 2013). 

Á I/D contracting minimizes inconvenience to the traveling public and affected enterprises 

(Lee and Choi 2006). 

Á I/D contracting improves construction labor productivity by 25 to 30 percent and shortens 

schedules by 15 to 25 percent (Ibbs and Abu-Hijleh 1989).  

Á I/D contracting lowers agency risks by transferring them to the contractor (disincentive 

clause) (Arditi and Yasamis 1998).  

Á I/D contracting provides a better definition of project objectives and a better definition of 

project design (Ibbs and Abu-Hijleh 1989).  

Á I/D contracting improves safety performance (Ashley and Workman 1985). 

Á I/D contracting results in higher project bids because contractors expect to receive 

incentive bonuses (Arditi et al. 1997; Sun et al. 2013), an advantage for agencies trying to 

reduce costs to the public. 
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2. Cons 

Á Increased cost to the contracting agency, if not effectively implemented (Jaraiedi et al. 

1995; Sun et al. 2013). 

Á Higher frequency and magnitude of change orders (Arditi et al. 1997). 

Á Higher probability of budget overflows (Arditi et al. 1997).  

Á More vulnerable to legal disputes between agency and contractor (Ashley and Workman 

1985; Arditi et al. 1997; Gillespie 1998; Ibarra et al. 2002). 

Á Difficulty in administration (Ashley and Workman 1985). 

Á Greater effort required in project coordination and administration (Christiansen 1987). 

3.6 Case Studies 

3.6.1 California  

California Department of Transportation (Caltrans) is one of the leading STAs when it comes to 

I/D provisions. Prior to 1994, Caltrans used the I/D provisions in the Ventura Improvement 

Project, where the goal was to reconstruct and rehabilitate three heavily trafficked portions of the 

existing freeway (US 101). The project also included three bridge reconstructions. The general 

contractor for each portion was eligible to receive an incentive bonus of $6,000 per day if the 

work was completed in 120 days or less, and was subject to a disincentive to pay the same 

amount if the work took longer than 120 days (Gillespie 1998). 

To expedite the rebuilding of the portions of the Los Angeles highway system damaged by the 

Northridge earthquake in 1994, Caltrans used record-breaking incentive payments for the earliest 

possible completion of construction. For example, in the rehabilitation of I-10 in Los Angeles, 

the contractor completed the project 66 days ahead of schedule and received an incentive bonus 

of $200,000 per day (Gillespie 1998). 

In 1998, Caltrans, which oversees a 78,000 lane-km state highway system, began implementing 

its Long-life Pavement Rehabilitation Strategies (LLPRS) program to rebuild approximately 

2,800 lane-km of deteriorated high-volume urban freeways with pavements designed to last more 

than 30 years with minimal maintenance (Caltrans 1998). In general, the LLPRS projects are 

constructed as fast-track projects with the implementation of time-related I/D provisions in the 

belief that the extra expense of incentive fees will be paid off in the time savings of road users 

traveling through CWZs. The fast-track concepts of the time-based I/D provisions have been 

validated and successfully implemented in the following three experimental time-critical LLPRS 

projects.  

3.6.1.1 I/D Pilot Project: I-10 Concrete Rehabilitation in Pomona 

Various I/D provisions were used in the rehabilitation of I-10 Pomona pilot-project, where 

2.8 lane-km of deteriorated truck-lane was rebuilt during one 55-hour weekend closure with 

around-the-clock operations. In this project, an incentive payment was to be made to the 

contractor in the amount of $600 per lane-meter for each lane-meter replaced in excess of 

2,000 lane-meters during the weekend closure. A disincentive would be assessed in the amount 

of $250 per lane-meter for each lane meter less than 2,000 lane-meters. The incentives were 
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capped at $500,000. The contractor was awarded a $500,000 incentive payment for completing 

more than 2.0 lane-km of the contractual threshold (Lee et al. 2008).  

3.6.1.2 I/D Demonstration Project: I-710 Asphalt Rehabilitation in Long Beach 

Caltrans included time-based I/D provisions in the I-710 project contract to achieve faster 

delivery of construction with less traffic disruption during lane closures. Deteriorating PCC 

pavement was replaced with a long-life asphalt concrete pavement in eight 55-hour weekend 

closures. The I/D provisions specified that the contractor was eligible to receive an incentive 

bonus of $100,000 per weekend closure if the project was completed earlier than Caltransô initial 

plan of 10 weekend closures. Conversely, the contractor was subject to a disincentive in the same 

amount. An incentive cap of $500,000 was the specified maximum incentive amount; there was 

no specified upper limit on the disincentive amount. Motivated by the I/D clauses, the contractor 

committed additional resources, completed the project two weekends early, and received a 

$200,000 incentive bonus (Lee et al. 2008).  

3.6.1.3 I/D Implementation Project: I-15 Fast-Track Concrete Rehabilitation in Devore 

Detailed I/D provisions were applied on the I-15 Devore urban highway reconstruction project in 

October 2004, as the first large-scale I/D implementation project. Motivated by the I/D 

provision, the contractor completed a 4.5-km stretch of badly damaged concrete truck lanes in 

only two 215-hour (about 9 days) one-roadbed continuous closures, with 24/7 construction 

operations (Lee and Choi 2006). Due to high traffic volume during closures and the public desire 

for early completion, three levels of time-based incentive provisions were specified in the 

contract to ensure the earliest possible completion of closures: (1) I/D clauses in a closure and 

daily basis, (2) late opening disincentives for the segment with the three-lane section, and (3) 

cost plus time (A+B) contracting for the entire project. Two types of I/D provisions were 

specified for the extended closures: primary incentives for the total number closures and 

secondary incentives for the total closure days (Choi et al. 2009).  

The contractor was eligible for a closure incentive bonus of $300,000 if a one-roadbed 

continuous closure was completed in a time period equal to or less than two units of a specified 

time segment (111 hours per unit), and was subject to a closure disincentive without a limit if the 

closure took longer than three units of this time segment (an extra time segment was given for 

flexibility). In addition to this closure incentive requirement, the contractor was eligible to 

receive a daily incentive (secondary) bonus of $75,000 if the reconstruction was completed in 

fewer than 19 days (a total of 456 hours), and was subject to a daily disincentive penalty without 

a limit. A late lane-opening penalty of $5,900 per 15-minute period without limitation was to be 

charged if the closure was not completely opened to traffic by 5 a.m. Friday to accommodate the 

highest weekday commuter and weekend leisure traffic volumes headed to Las Vegas. The final 

incentive amount was adjusted downward because of state budget limitations, and $600,000 was 

used as the incentive cap (Lee et al. 2008). 

3.6.2 Florida  

The Florida Department of Transportation (FDOT) realized that overestimation of contract 

completion times had prevailed in industry practice because engineersô experiences and average 

contractor performance rates had been widely used in determining the duration of projects. In 
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response, FDOT reduced contract times by 20 percent without experiencing any major delays in 

project completion dates (Herbsman et al. 1995).  

In 1996, the Florida Legislature authorized the department to use alternative contracting 

techniques with the goals of controlling time and cost increases on construction projects. 

Accordingly, since 1996, the FDOT has maintained the Alternative and Innovative Contracting 

Program to promote the use of innovative contracting methods of highway construction to 

minimize the inconvenience to the traveling public, adjacent businesses, and communities 

(FDOT 2000). Based on a report issued by the Office of Inspector General in FDOT, a total of 61 

I/D contracting projects were completed from the years 1996 to 2000, and approximately 

$7.3 million were paid as incentive bonuses for early project completion (FDOT 2000).  

3.6.3 Michigan  

The Michigan Department of Transportation (MDOT) often uses time-based I/D provisions in 

association with an A+B (cost-plus-time) bidding procedure (Gillespie 1998) because the 

contract completion time estimated by the winning bidder would be more realistic than the 

contract time estimated by the contracting agency (Arditi and Yasamis 1998). To be considered 

for an I/D clause, the following conditions are taken into account: (1) substantial road user cost 

savings are expected; (2) total additional user costs are expected to be at least 5 percent of the 

project cost, with a daily incentive of $5,000 for major projects; and (3) by implementing an I/D 

provision the duration of lane closure can be shortened by at least 15 days (Gillespie 1998). 

3.6.4 Other States 

In Illinois from 1989ï1993, all 28 highway construction projects that used time-based I/D 

provisions were completed ahead of schedule. About 79 percent of the contractors for these 28 

projects received the maximum incentive payment. The average incentive amount paid per 

project was 4.71 percent of the contract amount (Arditi et al. 1997). 

In Kentucky from 1999 to 2002, approximately 32 highway construction projects were 

implemented with time-based I/D provisions. For these 32 highway projects, about $10.8 million 

was paid out in incentive bonuses and $21,500 was collected as disincentives (Rister and Wang 

2004).  

According to a survey conducted by Iowa Department of Transportation, 35 states responded that 

they had adopted I/D provisions for their highway rehabilitation/reconstruction projects. Of these 

35 states, 32 said that contractors had received an incentive payment and 22 states responded 

they had paid the maximum incentive amount (Plummer et al. 1992). 

In Ohio from 2004 to 2007, 95 I/D projects were completed with average costs of $6.1 millionð

and I/D contracts had shown to be effective in satisfying the publicôs expectation for early 

project completion (Caruso 2010). In 2010, Ohio Department of Transportation paid out 

incentives of more than $2.8 million on completed projects, including $792,666 for a bridge 

project on I-280 in Lucas County and $700,000 for a roadway widening project on Rt. 22 in 

Hamilton County (Caruso 2010).





 

19 

4 STAGE 1: BASELINE SCHEDULE ESTIMATE  

4.1 Overall Decision-Support Framework  

This study helps STA engineers and decision makers to establish the most appropriate budgets 

and schedules by understanding the I/D consequences that are analyzed through the estimations 

of CAC and total savings. The proposed work would assist STAs with the implementation of the 

integrated I/D decision-support framework that not only captures total savings to road users and 

to the agency but also accounts for contractorôs additional commitments. Critically, it will 

significantly reduce the agencyôs expenses in the time and effort required for determining I/D 

rates. To achieve these goals, a seven-stage decision-support framework was created, tested, and 

validated, as depicted by the IDEF0 function modeling technique in Figure 6 and Figure 7.  

Á Stage 1 serves as the baseline of I/D: This stage estimates baseline schedules for 

quantifying the probable number of days that can be saved by using an incentive 

schedule. 

Á Stage 2 serves as the initial lower bound of I/D: This stage quantifies the level of CAC of 

acceleration by developing predictive models. 

Á Stage 3 serves as the initial upper bound of I/D: This stage computes total savings by 

accounting for the monetary value of the time saved by road users (i.e., RUC). 

Á Stage 4 serves as the initial upper bound of I/D: This stage computes total savings by 

accounting for the monetary value of the time to the contracting agency by completing 

the project ahead of schedule achieved by I/D provisions.   

Á Stage 5 serves as the final lower bound of I/D: This stage adjusts the initial CAC based 

on the concept of LOS in order to arrive at more realistic I/D rates by applying 

appropriate discount factors.  

Á Stage 6 serves as the final upper bound of I/D: This stage adjusts the total savings 

derived through stages 3 to 4 based on the concept of NPV in order to arrive at more 

realistic I/D rates by applying appropriate discount factors. 

Á Stage 7 determines an optimal I/D between the final lower and upper bounds: This stage 

results in the estimates of three types of incentives such as closure I/Ds, daily I/Ds, and 

I/D cap rates.   

Over the years, computer tools for determining daily I/D amounts and maximum incentive 

amounts have advanced, but these tools still have crucial limitations insofar as they cannot 

concurrently account for project-specific peculiarities, CAC, and total savings in RUC and 

agency cost. In addition, a reasonable adjustment algorithm of those defining parameters is 

currently lacking. All the tools currently available have the following critical limitations:  

Á None of the tools provide reliable estimates of the number of days that can be saved by 

using an incentive schedule, even though this quantity is crucial for determining the daily 

I/D amount and the maximum incentive amount. In general, the time-saved estimate is 

manually input by an agency engineer who bases it on judgment and personal experience 

rather than on a validated method.  

Á None of tools and methods provide an integrated systematic approach to concurrently 

quantifying what it is worth to the traveling public and what it takes to the contractor.  
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Á None of tools consider an adjustment mechanism to determine an optimal I/D value 

between discounted CACs of acceleration and total savings, i.e., how effectively the 

initial estimates can be adjusted downward to the final daily I/D amount is not taken into 

consideration.  

Recognizing the above-mentioned limitations, the proposed framework intends to fully address 

those limitations by employing an integrated analysis of (1) construction schedule, (2) 

contractorôs additional cost commitment, (3) total time value savings, and discounting algorithm. 

In doing so, STAs can determine the most realistic, economical I/D dollar amounts that fall 

within an agencyôs budget and are still sufficient to motivate a contractor to complete the project 

ahead of schedule. This will also help the contracting agencies make better-informed decisions 

when implementing I/D provisions while facilitating agenciesô creation of more realistic 

incentive budgets, which will result in more favorable cost-benefit ratios and better use of public 

funds.   

The primary applications of the model proposed in this study are limited to urban highway 

pavement maintenance and renewal projects, which represent, according to the data analysis, 

51 percent of all project establishments over the past eight years in California (Choi et al. 2012).    
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Figure 6. Overall Framework to Arrive at Optimal I/D  Rates. 
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Figure 7. Seven-Stage Optimal I/D Determination Procedure. 
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4.2 Stage 1: Baseline Schedule Estimate 

As noted earlier, use of the CA4PRS deterministic schedule simulations is the basis for 

proceeding to the next levels of analysis. This stage quantifies the number of closures and 

working days by which the project can be shortened with use of an incentive-based accelerated 

scheduleðwith an expectation that the accelerated project will use 15 to 20 percent more 

resources than a conventional schedule.  

Many researchers have reported that competitive highway construction contractors possess 

adequate resources (e.g., extra labor and equipment) to meet incentive-based schedules 

(Herbsman et al. 1995; Lee et al. 2008). Further, because schedules are usually overestimated by 

the contracting agencies in current practice, it is believed that contractors easily perform 

expedited work and received an incentive bonus without additional effort. For these reasons, it is 

essential to accurately estimate project duration in order to arrive at the most realistic I/D 

amount.  

It has been reported that CA4PRS provides accurate schedule estimates of highway renewal 

projects (Lee and Ibbs 2005); therefore the program was used to develop a database of schedule 

estimate lookup tables by considering five critical factors that significantly affect project 

schedule (Figure 8):  

Á Rehabilitation strategy: concrete, asphalt, and milling. 

Á Project scope: lane-miles to be rebuilt. 

Á Pavement design: cross-section design. 

Á Construction window: nighttime versus weekend closures. 

Á Resource constraints.  

This stage of baseline schedule estimates incorporates the database to produce reliable schedule 

estimatesðincluding the number of closures and working days that can be savedðby comparing 

the effort required to use a conventional schedule strategy and an incentive schedule strategy. 

The estimated difference between the number of closures necessary to complete a project by 

using a conventional schedule and an incentive schedule determines the maximum probable 

number of closures and working days that can be saved by using an incentive schedule. This 

schedule estimate is essential in that the daily I/D and maximum incentive amounts are 

determined as a function of the time the project can save. This new approach using state-of-the-

art CA4PRS software should reduce the number of contractors who receive incentives without 

committing additional effort. 
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Figure 8. Factors Affecting Project Schedule. 

The computational procedure of this module is shown in Figure 9, which describes how the 

module arrives at the maximum probable number of working days that can be saved. Figure 9 

describes how CA4PRS estimates two different contracting strategies, first estimating the 

number of closures required for completing a given project with the specified scope (lane-miles). 

The conventional schedule was estimated on the basis of competitive contractorsô average 

resource usage levels, average resource capacity, and average labor productivity. The incentive 

schedule reflects an accelerated construction schedule that commits additional resources, namely, 

15 percent more for a strategy that uses concrete and 20 percent more for strategies that use 

asphalt concrete and milling. Labor productivity for the incentive and conventional schedules 

were assumed to be equivalent. Second, the estimated number of closures on the 55-hour 

weekend window was converted into working days because current STAsô practice calls for use 

of working days rather than calendar days when determining I/D project completion times. The 

number of weekend closures was multiplied by 2.29 for the conversion to working days. Last, 

the maximum probable number of days that can be saved was then calculated using the 

difference in the number of days required to complete the project with a conventional schedule 

and with an I/D schedule (Tables 1ī5).  
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Figure 9. IDEF0 Flowchart for  Estimate Baseline Schedules Using CA4PRS. 
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Table 1. Schedule Estimate of Concrete Rehabilitation Strategies for Nighttime 

Construction. 

Scope  

(lane-mi) 

Ordinary Schedule  

8-Hrs Window 

Incentive Schedule  

8-Hrs Window 

Number of Closures 

Saved 

8'' 
12'' with 6'' 

base 
8'' 

12'' with 6'' 

base 
8'' 

12'' with 6'' 

base 

A B C D E F 

1 19 28 17 24 2 4 

2 38 56 33 49 5 7 

3 57 83 50 73 7 10 

4 76 111 66 97 10 14 

5 94 139 82 121 12 18 

6 113 166 99 145 14 21 

7 132 194 115 169 17 25 

8 151 222 131 193 20 29 

9 170 249 148 217 22 32 

10 188 277 164 241 24 36 

11 207 305 180 265 27 40 

12 226 332 197 289 29 43 

13 245 360 213 313 32 47 

14 264 388 229 337 35 51 

15 282 415 246 361 36 54 

16 301 443 262 385 39 58 

17 320 470 278 409 42 61 

18 339 498 295 433 44 65 

19 358 526 311 457 47 69 

20 376 553 327 481 49 72 

1. Column (E) = Column (A) ï Column (C)  

2. Column (F) = Column (B) ï Column (D)  



 

 

2
7 

Table 2. CA4PRS Schedule Estimate with 55-Hour Weekend Construction. 

Scope 

(lane-mile) 

Ordinary Schedule 55-Hrs Window Incentive Schedule 55-Hrs Window Number of Closures and Days Saved 

8'' 12'' with 6'' base 8'' 12'' with 6'' base 8'' 12'' with 6'' base 

Closures Days Closures Days Closures Days Closures Days Closures Days Closures Days 

A B C D E F G H I  J K L  

1 0.8 2 1.6 4 0.7 2 1.4 3 0.1 0 0.2 1 

2 1.5 3 3.1 7 1.3 3 2.7 6 0.2 0 0.4 1 

3 2.3 5 4.7 11 2 5 4.1 9 0.3 0 0.6 2 

4 3 7 6.3 14 2.6 6 5.4 12 0.4 1 0.9 2 

5 3.8 9 7.8 18 3.3 8 6.8 16 0.5 1 1 2 

6 4.6 11 9.4 22 4 9 8.2 19 0.6 2 1.2 3 

7 5.3 12 10.9 25 4.6 11 9.5 22 0.7 1 1.4 3 

8 6.1 14 12.5 29 5.3 12 10.9 25 0.8 2 1.6 4 

9 6.8 16 14.1 32 5.9 14 12.2 28 0.9 2 1.9 4 

10 7.6 17 15.6 36 6.6 15 13.6 31 1 2 2 5 

11 8.4 19 17.2 39 7.3 17 15 34 1.1 2 2.2 5 

12 9.1 21 18.8 43 7.9 18 16.3 37 1.2 3 2.5 6 

13 9.9 23 20.3 47 8.6 20 17.7 41 1.3 3 2.6 6 

14 10.6 24 21.9 50 9.2 21 19 44 1.4 3 2.9 6 

15 11.4 26 23.4 54 9.9 23 20.4 47 1.5 3 3 7 

16 12.2 28 25 57 10.6 24 21.7 50 1.6 4 3.3 7 

17 12.9 30 26.6 61 11.2 26 23.1 53 1.7 4 3.5 8 

18 13.7 31 28.1 64 11.9 27 24.5 56 1.8 4 3.6 8 

19 14.4 33 29.7 68 12.6 29 25.8 59 1.8 4 3.9 9 

20 15.2 35 31.3 72 13.2 30 27.2 62 2 5 4.1 10 

1. Column (I) = Column (A) ï Column (E)  3. Column (K) = Column (C)ï Column (G)  

2. Column (J) = Column (B) ï Column (F)  4. Column (L) = Column (D)ï Column (H) 
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Table 3. Schedule Estimate of Concrete Rehabilitation Strategies for 72-Hour Weekday Construction. 

Scope 

(lane-mile) 

Ordinary Schedule 55-Hrs Window Incentive Schedule 55-Hrs Window Number of Closures and Days Saved 

8'' 12'' with 6'' base 8'' 12'' with 6'' base 8'' 12'' with 6'' base 

Closures Days Closures Days Closures Days Closures Days Closures Days Closures Days 

A B C D E F G H I  J K L  

1 0.3 1 0.7 2 0.3 1 0.6 2 0 0 0.1 0 

2 0.7 2 1.4 4 0.7 2 1.2 4 0 0 0.2 0 

3 1 3 2.2 7 1 3 1.8 5 0 0 0.4 2 

4 1.3 4 2.9 9 1.3 4 2.4 7 0 0 0.5 2 

5 1.6 5 3.6 11 1.6 5 3 9 0 0 0.6 2 

6 2 6 4.3 13 2 6 3.6 11 0 0 0.7 2 

7 2.3 7 5.1 15 2.3 7 4.2 13 0 0 0.9 2 

8 2.6 8 5.8 17 2.6 8 4.8 14 0 0 1 3 

9 3 9 6.5 20 2.9 9 5.4 16 0.1 0 1.1 4 

10 3.3 10 7.2 22 3.3 10 6 18 0 0 1.2 4 

11 3.6 11 7.9 24 3.6 11 6.6 20 0 0 1.3 4 

12 3.9 12 8.7 26 3.9 12 7.2 22 0 0 1.5 4 

13 4.3 13 9.4 28 4.3 13 7.8 23 0 0 1.6 5 

14 4.6 14 10.1 30 4.6 14 8.4 25 0 0 1.7 5 

15 4.9 15 10.8 32 4.9 15 9 27 0 0 1.8 5 

16 5.3 16 11.5 35 5.2 16 9.6 29 0.1 0 1.9 6 

17 5.6 17 12.2 37 5.6 17 10.2 31 0 0 2 6 

18 5.9 18 13 39 5.9 18 10.8 32 0 0 2.2 7 

19 6.2 19 13.7 41 6.2 19 11.4 34 0 0 2.3 7 

20 6.6 20 14.4 43 6.5 20 12 36 0.1 0 2.4 7 

1. Column (I) = Column (A) ï Column (E)  3. Column (K) = Column (C)ï Column (G)  

2. Column (J) = Column (B) ï Column (F)  4. Column (L) = Column (D)ï Column (H) 
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Table 4. Schedule Estimate of Asphalt Concrete Rehabilitation Strategy: Nighttime versus Weekend. 

Scope 

(lane-mile) 

Ordinary Schedule Incentive Schedule Number of Closures and Days Saved 

Nighttime 55-hours Nighttime 55-hours Nighttime 55-hours 

Closures Days Closures Days Closures Days Closures Days Closures Days Closures Days 

A B C D E F G H I  J K L  

5 71 71 1.5 3 60 60 1.3 3 11 11 0.2 0 

10 142 142 3.1 7 119 119 2.6 6 23 23 0.5 1 

15 213 213 4.6 11 178 178 3.8 9 35 35 0.8 2 

20 284 284 6.1 14 237 237 5.1 12 47 47 1 2 

25 355 355 7.7 18 296 296 6.4 15 59 59 1.3 3 

30 426 426 9.2 21 355 355 7.7 18 71 71 1.5 3 

35 497 497 10.7 25 415 415 8.9 20 82 82 1.8 5 

40 568 568 12.3 28 473 473 10.2 23 95 95 2.1 5 

45 639 639 13.8 32 533 533 11.5 26 106 106 2.3 6 

50 710 710 15.3 35 592 592 12.8 29 118 118 2.5 6 

55 781 781 16.8 39 651 651 14 32 130 130 2.8 7 

60 852 852 18.4 42 710 710 15.3 35 142 142 3.1 7 

65 923 923 19.9 46 770 770 16.6 38 153 153 3.3 8 

70 994 994 21.4 49 829 829 17.9 41 165 165 3.5 8 

75 1065 1065 24.5 56 888 888 19.1 44 177 177 5.4 12 

80 1136 1136 25 57 947 947 20.4 47 189 189 4.6 10 

1. Column (I) = Column (A) ï Column (E)  3. Column (K) = Column (C)ï Column (G)  

2. Column (J) = Column (B) ï Column (F)  4. Column (L) = Column (D)ï Column (H) 
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Table 5. Schedule Estimate of Milling and Asphalt Concrete Overlay Rehabilitation 

Strategy: Nighttime versus Weekend. 

Scope  

(lane-

mile) 

Ordinary Schedule Incentive Schedule 
Number of Closures and Days 

Saved 

Nighttime 55-hours Nighttime 55-hours Nighttime 55-hours 

Closures Days Closures Days Closures Days Closures Days Closures Days Closures Days 

A B C D E F G H I  J K L  

5 18 18 2.3 5 16 16 2.1 5 2 2 0.2 0 

10 35 35 5 11 32 32 4.2 10 3 3 0.8 1 

15 52 52 6.9 16 48 48 6.3 14 4 4 0.6 2 

20 70 70 9.2 21 64 64 8.4 19 6 6 0.8 2 

25 87 87 11.5 26 80 80 10.4 24 7 7 1.1 2 

30 104 104 13.8 32 96 96 12.5 29 8 8 1.3 3 

35 121 121 16.1 37 110 110 14.6 33 11 11 1.5 4 

40 139 139 18.4 42 127 127 16.7 38 12 12 1.7 4 

45 156 156 20.7 47 143 143 18.8 43 13 13 1.9 4 

50 173 173 22.9 52 159 159 20.9 48 14 14 2 4 

55 190 190 25.2 58 175 175 23 53 15 15 2.2 5 

60 208 208 27.5 63 191 191 25.1 58 17 17 2.4 5 

65 225 225 29.8 68 207 207 27.1 62 18 18 2.7 6 

70 242 242 32.1 74 222 222 29.2 67 20 20 2.9 7 

75 260 260 34.4 79 238 238 31.3 72 22 22 3.1 7 

80 277 277 36.7 84 254 254 33.4 77 23 23 3.3 7 

1. Column (I) = Column (A) ï Column (E) 3. Column (K) = Column (C)ï Column (G)  

2. Column (J) = Column (B) ï Column (F) 4. Column (L) = Column (D)ï Column (H)  
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5 STAGE 2: QUANTIFICAT ION OF CONTRACTORSô ADDITIONAL COST OF 

ACCELERATION  

5.1 Systematic CAC Quantification Procedures 

A contracting agency that wants to use the I/D contracting method must first determine the 

monetary value of the time saved when a project is delivered early, and most STAs have well-

developed methods for estimating the time value. However, the lack of available data makes it 

extremely difficult to estimate CAC growth in exchange for shortened construction times. This is 

due to contractorsô reluctance to disclose data that contain information about their profits, and as 

well as the extreme difficulty contracting agencies have in tracking information about individual 

CAC growth.  

To tackle this issue, this study proposes a new approach for quantifying the reasonable level of 

CAC of acceleration, which can effectively motivate contractors to pursue accelerated 

construction. For this purpose, this study combines an existing schedule simulation with a 

regression method to develop predictive models for each of four typical pavement rehabilitation 

strategies (i.e., JPCP, CRCP, HMA, MACO), each of which is also referenced to typical cross-

section designs to make the models applicable to a variety of highway rehabilitation projects.  

The main idea of this stage is to capture the relationship between shortened construction time 

and contractorôs additional cost growth for acceleration by modeling ñtime-cost tradeoffò effects 

on four different levels of resource use, namely, 5 percent increase, 15 percent increase, and 

25 percent increase in the number of resources per hour per team. CA4PRS was selected for the 

simulation because its schedule simulation is based on contractorsô actual production 

performance data, and its simulation results have been tested and validated on numerous 

highway rehabilitation projects throughout California and other four states (Lee et al. 2008). 

Figure 10 shows the main analytical procedures to arrive at the CAC quantifying models that 

represent each of the four typical rehabilitation strategies. To generate schedule data for this 

research project, a number of stochastic schedule simulations with CA4PRS were performed 

based on contractorsô actual construction plans sourced from four real-world construction 

projects. These projects represent the typical characteristics and conditions of each pavement 

rehabilitation strategy while providing detailed, reliable construction plans including pavement 

design, lane-closure tactics, resource logistics, etc. Changes in cost in response to schedule 

compression were then calculated based on a cost manual published and updated annually by 

Caltrans. A set of contractorsô time-cost tradeoff data were created on the four different resource 

usage levels by calculating changes in cost in response to schedule compression. Finally, the 

relationship between time and cost was plotted to identify an appropriate initial regression 

equation and a regression analysis was then carried out to model the time-cost tradeoff 

relationship. The robustness of the proposed model was validated through two case studies 

presented in the following chapter.   

It was assumed that in a well-planned I/D contract the incentive amount would be sufficient to 

motivate a contractor to use additional resources to complete a project early. Following this 

assumption, four different resource usage levels were considered to quantify the CAC growth 

rates in the following procedures: 
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1. Identify critical factors affecting JPCP rehabilitation production performance. 

2. Perform schedule estimates using a series of CA4PRS stochastic schedule simulations 

with four different resource usage levels (Tables 6ī9). 

3. Determine the unit price ($/hour) of all resources used. 

4. Calculate CACs using Equation (1). 

5. Quantify the interaction between CAC rates and specified schedule compression rates to 

generate time-cost tradeoff data (Tables 10ī13). 

6. Draw a scatter plot of CAC growth rates over schedule compression rates to confirm that 

a quadratic model fits the regression data.  

7. Conduct a regression analysis to determine coefficients of Equation (2) for the quadratic 

regression equation selected for this study. 

8. Derive a quadratic equation to reflect CAC growth as a function of the schedule 

compression the agency sets. 

9. Develop a final quantifying equation by substituting the coefficients into the quadratic 

equation developed in Step 8. 

10. Repeat Steps 2ï9 for other rehabilitation strategies such as CRCP, HMA, and MACO.  

 
Figure 10. Stage 2: CAC Quantification for the Initial I/D Lower Bound before 

Adjustment. 

5.2 Quantification of Contractorôs Time-Cost Tradeoff Effect 

5.2.1 Contractorôs Schedule Compression Data within Resource Constraints 

Tables 6ī9 show the result of the CA4PRS stochastic schedule simulations. Because 

construction strategies, cross-section design, construction window, and contractorôs resource 
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constraints turned out to be the four most important factors directly affecting rehabilitation 

production (Lee and Ibbs 2005), they were taken into account in the schedule simulations using 

CA4PRS. Each strategy such as JPCP, CRCP, HMA and MACO, shown respectively through 

Tables 6 to 9, is based on actual I/D projects where project scope (lane-miles to be rebuilt) and 

project size (original contract amount) were similar.  

Conventional lane closures for 7 or 10 hours during at nighttime defined as the nighttime in 

Table 6 have been implemented widely because daytime closures may cause intolerable severe 

traffic delays during construction. The disadvantage of nighttime closures includes slow 

construction processes, safety of motorists and construction crews, and higher construction costs. 

The 55-hour weekend closures have been implemented for projects where peak traffic volumes 

are significantly lower on weekends than on weekdays (Lee and Choi 2006) The extended 

closures with 24/7 around-the-clock operations have been applied to large-scale rehabilitation 

projects where time is of essence. Unlike the short-term conventional nighttime closures that 

limit the pavement service lives of no more than 15 years, the weekend and extended closures 

allow long-life pavements lasting 30+ years with minimal maintenance. However, a multi-

faceted public outreach program with detailed traffic management plans should be carefully 

planned and implemented for those projects to minimize traffic inconvenience caused by 

construction work being performed during the extended weekend and 24/7 lane closures because 

they are likely to cause major traffic inconvenience to the traveling public and commercial 

enterprises that rely on these roadways. 
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Table 6. CA4PRS Schedule Estimate vs. Additional Resource Usage for JPCP. 

Strategies 
Cross-section 

profile 

Construction 

window 

Schedule estimate versus additional resource usage 

Ordinary usage 5% 15% 25% 

Closures Days Closures Days Closures Days Closures Days 

JPCP 

8" 

Nighttime 143.45 143.45 136.56 136.56 125.96 125.96 118.18 118.18 

Weekend 10.14 23.22 9.66 22.12 8.91 20.40 8.36 19.14 

Extended 3.85 30.80 3.50 28.00 3.21 25.68 2.96 23.68 

         

10" 

Nighttime 210.00 210.00 199.28 199.28 182.78 182.78 170.68 170.68 

Weekend 18.71 42.85 17.76 40.67 16.29 37.30 15.21 34.83 

Extended 4.74 37.92 4.31 34.48 3.95 31.60 3.86 30.88 

         

12" with  

6" ACB 

Nighttime 229.77 229.77 218.10 218.10 200.14 200.14 186.97 186.97 

Weekend 20.47 46.88 19.43 44.49 17.83 40.83 16.66 38.15 

Extended 5.41 43.28 4.92 39.36 4.51 36.08 4.21 33.68 
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Table 7. CA4PRS Schedule Estimate vs. Additional Resource Usage for CRCP. 

Strategies 

Cross-

section 

profile 

Construction 

window 

Schedule estimate versus additional resource usage 

Ordinary usage 5% 15% 25% 

Closures Days Closures Days Closures Days Closures Days 

CRCP 

8" 

Nighttime 717.55 717.55 704.68 704.68 682.28 682.28 660.19 660.19 

Weekend 20.06 45.94 19.17 43.90 17.57 40.24 17.57 40.24 

Extended 12.53 100.24 11.95 95.60 11.29 90.32 11.26 90.08 

         

10" 

Nighttime 1125.34 1125.34 1109.30 1109.30 1081.41 1081.41 1057.98 1057.98 

Weekend 41.66 95.40 39.67 90.84 36.22 82.94 34.90 79.92 

Extended 23.48 187.84 22.36 178.88 20.42 163.36 19.01 152.08 

         

13" with  

3" ACB 

Nighttime 1158.98 1158.98 1138.15 1138.15 1101.93 1101.93 1071.46 1071.46 

Weekend 45.26 103.65 43.24 99.02 41.66 95.40 39.67 90.84 

Extended 24.71 197.68 23.77 190.16 23.48 187.84 22.36 178.88 
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Table 8. CA4PRS Schedule Estimate vs. Additional Resource Usage for HMA. 

Strategies 

Cross-

section 

profile 

Construction 

window 

Schedule estimate versus additional resource usage 

Ordinary usage 5% 15% 25% 

Closures Days Closures Days Closures Days Closures Days 

HMA 

(Simultaneous 

Paving) 

8" 

Nighttime 63.32 63.32 60.30 60.30 55.06 55.06 50.66 50.66 

Weekend 5.65 12.94 5.39 12.34 5.09 11.66 5.08 11.63 

Extended 1.06 7.42 1.01 7.07 0.95 6.65 0.95 6.65 

         

10" 

Nighttime 80.12 80.12 76.45 76.45 69.23 69.23 63.78 63.78 

Weekend 7.09 16.24 6.76 15.48 6.38 14.61 6.37 14.59 

Extended 1.31 9.17 1.25 8.75 1.18 8.26 1.18 8.26 

         

HMA  

(Pre-paving) 

8" 

Nighttime 41.92 41.92 38.94 38.94 35.65 35.65 34.63 34.63 

Weekend 3.76 8.61 3.56 8.15 3.25 7.44 3.14 7.19 

Extended 0.76 5.32 0.72 5.04 0.66 4.62 0.63 4.41 

         

10" 

Nighttime 51.78 51.78 49.15 49.15 44.87 44.87 43.38 43.38 

Weekend 4.64 10.63 4.42 10.12 4.05 9.27 3.92 8.98 

Extended 0.93 6.51 0.89 6.23 0.81 5.67 0.78 5.46 
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Table 9. CA4PRS Schedule Estimate vs. Additional Resource Usage for MACO. 

Strategies 

Cross-

section 

profile 

Construction 

window 

Schedule estimate versus additional resource usage 

Ordinary usage 5% 15% 25% 

Closures Days Closures Days Closures Days Closures Days 

HMA 

(Simultaneous 

Paving) 

8" 

Nighttime 63.32 63.32 60.30 60.30 55.06 55.06 50.66 50.66 

Weekend 5.65 12.94 5.39 12.34 5.09 11.66 5.08 11.63 

Extended 1.06 7.42 1.01 7.07 0.95 6.65 0.95 6.65 

         

10" 

Nighttime 80.12 80.12 76.45 76.45 69.23 69.23 63.78 63.78 

Weekend 7.09 16.24 6.76 15.48 6.38 14.61 6.37 14.59 

Extended 1.31 9.17 1.25 8.75 1.18 8.26 1.18 8.26 

         

HMA  

(Pre-paving) 

8" 

Nighttime 41.92 41.92 38.94 38.94 35.65 35.65 34.63 34.63 

Weekend 3.76 8.61 3.56 8.15 3.25 7.44 3.14 7.19 

Extended 0.76 5.32 0.72 5.04 0.66 4.62 0.63 4.41 

         

10" 

Nighttime 51.78 51.78 49.15 49.15 44.87 44.87 43.38 43.38 

Weekend 4.64 10.63 4.42 10.12 4.05 9.27 3.92 8.98 

Extended 0.93 6.51 0.89 6.23 0.81 5.67 0.78 5.46 
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The simulation results show that the duration of a project is shortened as the contractor uses 

more resources. The following four real-world projects represent each different strategy. A brief 

project overview of each strategy and the assumptions made in conducting the schedule 

estimates are given below.  

Á Jointed Plain Concrete Pavement strategy is based on the I-15 Devore Project where 

the project scope was to rebuild a 10.7 lane-mile stretch of badly damaged concrete truck 

lanes (project size: $18 million). JPCP is the most commonly used pavement strategy 

among currently available rigid pavement alternatives. JPCP has been used in 43 states 

across the nation with a well-established design procedure (WSDOT 2011). JPCP can 

typically offer a design life expectancy of 20 to 25 years depending on design 

requirements and traffic volumes (MoDOT 2004). JPCP requires both transverse and 

longitudinal contraction joints for crack control. The distance between two joints, mainly 

depending on slab thickness, usually ranges from 12 ft (3.7 m) to 20 ft (6.1 m) without 

reinforcing steel (WSDOT 2011). Dowel bars and tie bars transfer load transversely and 

longitudinally, respectively. If there is a crack in the middle of a slab, only aggregate 

interlock transfers load across the joint. 

Á Continuously Reinforced Concrete Pavement strategy is based on the I-5 Stockton 

Project in Stockton, CA, where the scope of the project was to rebuild 21.0 lane-mile 

stretch of badly deteriorated highway lanes (project size: $45 million). CRCP is known to 

support long-term performance and reduced maintenance, especially for high-volume 

pavements, because it requires no transverse joints (Caltrans 2011). CRCP is commonly 

used for the interstate systems of Illinois, Texas, and North Dakota (WSDOT 2011), with 

a life expectancy of 30 years and even up to 50 years (AISI 2012). CRCP requires only 

continuous reinforcing steel, so only longitudinal joints are installed. CRCP is a pre-

stressed concrete pavement, which can resist greater loads using smaller cross-section 

area and longer spans. CRCP can be applied in both wet and dry conditions due to less 

water penetration. 

Á Hot-Mix Asphalt  strategy is based on the I-710 Long Beach Project where the project 

scope was to rehabilitate approximately 16.4 lane-mile of a six-lane highway segment 

(project size: $16.7 million). HMA is another type of paving material in which the 

surface mixture is prepared by heating the aggregate in excess of 300°F. Advantages 

include: it can be easily installed in much less time, and at the same time provides same 

durability, strength, and life at almost the same cost (Lee et al. 2008). Typical thickness 

of the HMA strategy ranges from 6 inches to 10 inches. 

Á Mill ing and Asphalt Concrete Overlay strategy is based on the I-15 Baker Project 

where the project scope was to rehabilitate an aging 43.5 lane-mile stretch of two lanes 

(project size: $20 million). MACO removes deteriorated pavement surfaces by milling 

and replacing them with new asphalt concrete overlays. The MACO strategy is applied to 

pavements where a minimum level of maintenance is needed (Labi et al. 2005). Typical 

thickness of the MACO strategy ranges from 3 inches to 6.5 inches (Labi et al. 2005). 

For the construction window and lane closure tactics, a sequential single-lane closure with a 

four-hour curing time was assumed for a nighttime construction window. A concurrent double-

lane closure with a 12-hour curing time was assumed for weekend (55-hour) and extended (24/7) 

construction windows.   
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5.2.2 Contractorôs Time-Cost Tradeoff versus Resource Changes 

Caltrans Labor Surcharge and Equipment Rental Rates 2013ï14 manual was used to calculate 

the additional cost growth by taking into account the unit price information of all the resources 

used. The unit prices of all the major resources on the basis of the latest manual are $88.70 with 

overtime rate of 0.86 (Truck), $139.67 with overtime rate of 0.88 (Paver), $413.38 with overtime 

rate of 0.90 (Milling Machine), and $688 with overtime rate of 0.59 (Batch Plant).   

Unit price as mentioned above includes the labor costs, and the labor surcharge rate includes all 

the miscellaneous factors such as payroll data, fringe benefits, and taxes. The surcharge rate for 

the year 2013ï14 is 12 percent for regular time and 11 percent for overtime, as per the Caltrans 

manual. 

To estimate the initial CAC growth rates of acceleration with more resources, the unit price 

(hourly rate) information of all the major resources was needed. This information was found in 

the Caltrans publication, Labor Surcharge and Equipment Rental Rates (Caltrans 2013). Caltrans 

updates this publication annually and revises changes to fuel costs, interest rates, producer price 

indices, sales tax, and freight rates. The following unit prices are some examples of major 

resources from the latest version of the manual published in 2013: 

Á Truck: $88.70 with overtime rate of 0.86. 

Á Paver: $139.67 with overtime rate of 0.88. 

Á Milling machine: $413.38 with overtime rate of 0.90. 

Á Batch plant: $688.00 with overtime rate of 0.59. 

These four also reflect major resources used in CA4PRS simulations. The unit prices include the 

labor costs required to provide the above listed items. The labor surcharge compensates the 

contractor for statutory payroll items including workersô compensation, social security, fringe 

benefits, federal unemployment, state unemployment, and state training taxes (Caltrans 2013). 

The published surcharge rates for year 2012 were 12 percent for regular time and 11 percent for 

overtime. Multiple shift hours are paid at the same rate as overtime hours. The unit prices, 

however, do not include the operator costs of equipment due to the lack of such data. 

Contractorôs expected cost growth = unit price ($/hour) × number of additional resources ×  

labor surcharge rate × working hours per day × days needed to complete the project ×  

overtime rate × number of shifts × overhead cost (15%)            (1) 

The initial CAC rates were quantified based on Equation (1). Tables 10ī13 present the 

contractorôs time-cost tradeoff data created for this study, containing the dependent (cost) and 

independent (schedule) variables used for the regression analysis, with three different resource 

usage levels. 
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Table 10. Contractorôs Time-Cost Tradeoff Data for JPCP. 

Strategies 
Cross-section 

profile 

Construction 

window 

Time-cost tradeoff versus additional resource usage 

5% 15% 25% 

Schedule 

Compression 

Cost 

Growth 

Schedule 

Compression 

Cost 

Growth 

Schedule 

Compression 

Cost 

Growth 

JPCP 

8" 

Nighttime 4.80 0.40 12.19 1.21 17.62 2.01 

Weekend 4.73 0.63 12.13 1.07 17.55 1.52 

Extended 9.09 0.68 16.62 1.37 23.12 1.61 

       

10" 

Nighttime 5.10 0.42 12.96 1.22 18.72 2.01 

Weekend 5.08 0.59 12.93 1.23 18.71 1.51 

Extended 9.07 0.71 16.67 1.47 18.57 1.72 

       

12" with 

6" ACB 

Nighttime 5.07 0.43 12.90 1.24 18.63 2.00 

Weekend 5.08 0.56 12.89 1.38 18.61 1.49 

Extended 9.06 0.74 16.64 1.56 22.18 1.82 
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Table 11. Contractorôs Time-Cost Tradeoff Data for CRCP. 

Strategies 

Cross-

section 

profile 

Construction 

window 

Time-cost tradeoff versus additional resource usage 

5% 15% 25% 

Schedule 

Compression 

Cost 

Growth 

Schedule 

Compression 

Cost 

Growth 

Schedule 

Compression 

Cost 

Growth 

CRCP 

8" 

Nighttime 1.79 0.16 4.92 0.48 7.99 1.11 

Weekend 4.44 0.41 12.41 0.16 12.41 2.58 

Extended 4.63 0.33 9.90 1.13 10.14 1.85 

       

10" 

Nighttime 1.43 1.25 3.90 0.38 5.99 2.76 

Weekend 4.78 0.44 13.06 0.14 16.23 3.38 

Extended 4.77 0.34 13.03 1.49 19.04 3.67 

       

13" with  

3" ACB 

Nighttime 1.80 0.45 4.92 0.57 7.55 2.89 

Weekend 4.46 0.67 7.95 0.45 12.35 3.06 

Extended 3.80 0.89 4.98 1.56 9.51 4.13 
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Table 12. Contractorôs Time-Cost Tradeoff Data for HMA. 

Strategies 

Cross-

section 

profile 

Construction 

window 

Time-cost tradeoff versus additional resource usage 

5% 15% 25% 

Schedule 

Compression 

Cost 

Growth 

Schedule 

Compression 

Cost 

Growth 

Schedule 

Compression 

Cost 

Growth 

HMA 

(Simultaneous 

Paving) 

8" 

Nighttime 4.78 0.42 13.04 1.27 15.22 2.12 

Weekend 4.60 0.42 9.91 1.27 10.09 2.10 

Extended 4.72 0.34 10.38 1.19 10.38 1.89 

       

10" 

Nighttime 4.58 4.00 13.59 1.32 20.39 2.84 

Weekend 4.65 0.42 10.01 1.28 10.16 2.11 

Extended 4.58 0.33 9.92 1.14 9.92 1.81 

       

HMA  

(Pre-paving) 

8" 

Nighttime 7.11 0.62 14.96 1.46 17.39 2.43 

Weekend 5.32 0.49 13.56 1.74 16.49 3.43 

Extended 5.26 0.38 13.16 1.51 17.11 3.12 

       

10" 

Nighttime 5.08 4.44 13.34 1.29 16.22 2.26 

Weekend 4.74 0.49 12.72 1.63 15.52 3.22 

Extended 4.30 0.31 12.90 1.48 16.13 2.94 
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Table 13. Contractorôs Time-Cost Tradeoff Data for MACO . 

Strategies 

Cross-

section 

profile 

Construction 

window 

Time-cost tradeoff versus additional resource usage 

5% 15% 25% 

Schedule 

Compression 

Cost 

Growth 

Schedule 

Compression 

Cost 

Growth 

Schedule 

Compression 

Cost 

Growth 

MACO 

(Simultaneous 

Paving) 

4" 

Nighttime 1.81 0.79 5.42 2.61 7.98 3.35 

Weekend 1.86 0.96 5.54 3.23 8.32 3.87 

Extended 1.84 0.93 5.58 2.99 8.34 3.99 

       

6" 

Nighttime 1.74 0.77 5.20 2.51 8.05 3.65 

Weekend 2.28 1.18 5.45 3.18 8.12 3.89 

Extended 2.31 1.71 5.49 2.94 8.16 4.13 

       

MACO  

(Pre-paving) 

4" 

Nighttime 2.14 0.94 5.12 2.47 8.23 4.32 

Weekend 2.29 1.18 5.49 3.20 8.15 5.67 

Extended 2.35 1.19 5.52 2.96 8.21 5.48 

       

6" 

Nighttime 4.74 2.09 13.01 4.67 19.95 10.46 

Weekend 4.74 2.45 12.56 5.13 17.58 12.23 

Extended 4.79 2.43 13.00 5.87 17.93 11.96 
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5.2.3 Modeling Contractorôs Time-Cost Tradeoff Effect 

A well-known trade-off effect exists between construction cost and schedule. As Figure 11 

shows, there is a normal point beyond the tradeoff between cost and schedule. For example, to 

shorten the duration of a project by as much as ȹT (from t0 to t1), a contractor would need to 

make an additional cost commitment of ȹC (from c0 to c1). The additional cost increase for 

shortening construction time involves a direct cost increase covering the use of (1) extra crews 

(regular plus overtime) and equipment, (2) faster-setting materials, and (3) adoption of methods 

to expedite delivery of construction materials.  

 
Figure 11. Time-Cost Tradeoff Effect in Theory (adapted from Shr and Chen 2004). 

Meanwhile, a delay in the project schedule from the normal point also increases the project cost 

due largely to increased indirect costs, such as office overhead, overtime payments, running 

rental equipment longer than originally contracted, etc. (Plummer et al. 1992). The plots in 

Figure 12 that are based on time-cost tradeoff data (Tables 10ī13) illustrate contractorsô cost 

growth as a function of reduced construction time. It can be observed from the plots that there is 

a conspicuous trade-off relationship between schedule and cost.  Contractorsô cost growth can be 

projected using the following quadratic regression equation:   

 Cost = ɓ0 + ɓ1 (Time) + ɓ2 (Time)
 2
    (2) 

C
o

s
t

Timet1 t0

c1

(t1, c1)

(t0, c0)

Incentive schedule

Ordinary schedule
c0

ȹT
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   JPCP        CRCP 

 
   HMA       MACO 

Figure 12. Time-Cost Tradeoff Curves. 

Table 14 shows that the quadratic equation of contractorsô cost growth rate is adequate. F-ratio of 

each pavement strategy is large enough. (The corresponding p-value is less than 0.001.) The 

estimated regression coefficients in Table 14 indicate that schedule compression results in an 

increase in project cost. 


































































