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EXECUTIVE SUMMARY

Highway infrastructure improvement projects performed in heavily trafficked metropolitan areas
frequently cause severe traffic inconvenience to theltraypublic and commercial enterprises

that rely on the roadwayMany 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 Bhaus.
incentivegdisincentives (I/D) provisions rewambntractors with bonuses for earlynapletion of

projects and levjines for delaysl nd e e d , | / D contracting has bec:«
alternative strategi eenfa eslyprgetticanplgtionfapptiedpubl i ¢ 0
widely to numerous higimpact transportation infrastructure improvement projects in 36 states.

In essence, the I/D contracting strategy is widely used agfdrped by STAs ahcontractors

alike because itan establislawin-win solution for both parties.

Gaps in Existing Knowledge and Practice

Research to date shows thatlg completion incentivearean effectivemeango motivate

contractors to use ingenuity to complete the project aheadhedsie Although use of 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 concurrerityn k pr oj ect pecul i ari ti
additional cost (CAC) of acceleratigand project impact on road users prevents STAs from

realistically assessing the I/D dollar amounts.

In theory, b encourage competitive contractors to bid on projects, arcagaust offer I/D

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

based mainly ohistorical data andbad user cost (RUC), resulting in frept misapplications

It rarely considers what it would take the cawtor, in terms of additional resources and
associatedhdirectcosts, to ehieve those incentives. Criticallshe I/D amounts should not only

factor whatt is worth to the traveling publidut also account fahe contracta¥ s addi t i onal
commitmentgo achieve itThere is an immediate need to develop a holistic modal variety

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

benefits and th€AC.

Research Scope and Stepwise Methods

This research stly assist STA engineers and decisiomakers 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 saviodgise agency and road users
achieve this goathis studycreats and test a novel decisiorsupport analytical framework that
can determine the most realistic and economical I/D rates and is applicable to a variety of
transportation projectd his study blends existing schedal®d traffic simulatioriechnique

with a stochastic analysis to simultaneously capture project sctedtite I/D baselineCAC

as the I/D lower boundnd total saving@.e., RUC + agency cost savings from early
completion)}to be served as thid uppe bound The quantifiednitial CAC provides a
meaningful benchmarking point, representing the minintewal of I/D rate needetb minimally
motivate contractors to pursue accelerated construction {ftmercompletion)Throughout this
study,however researcheraoticed that there could be a substantial gap between the lower
bound of CAC and the upper bound of total saviegpecially for heavily trafficked highway
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rehabilitation projects where time is deemed critweidih high RUC To reduce the gap
acceptabléevels this study adoptthe concepts dfevelof-Service (LOS) and Net Present

Value (NPV)to determire moreeconomical and realistic I/D ratdsat mirrort he agencyo0s
of early project completion. The concept of LOS vegplied toadjust theinitial CAC upward to
provide a more realistic minimum I/D rantfet iseffective tomotivate a contractor to complete

the project ahead of schedule. The concept of NPV was adopaeglist the initially estimated

total savings to road users aodhe agency downward in order 8FAsto determine 1I/D rates

that fallwithina n a g e n ¢ yn@asutshell, dhg ieitially 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, réd@istite between

the adjusted CAC and total savings.

&
1€

>
>

|
Initial I/D Range j
I
|

' /D & i
CAC LOS NPV Total Savings

(Lower Bound) | | (Upper Bound)
I I

>
>

Optimized I/D Range

The Constructability Analysis for Pavement Rehabilitation Strategies (CA4PRS) softw@e has
reasonablén predicting optimum pavement construction productiod carbackanalyze

historical I/D projectsCA4PRS was used in this study as a main analysis tool to createdsne
tradeoff data as well as to build RUC lookup tables. The Integrated Definii&#Q) function
modeling technique was also adopted for this study to visualize stepwise approaches in sufficient
details.

Theobjective of thestudy was achieveoly conductinga severstage methodology, each of
which is closely interwovenhese seven gis are recommended for the implementation of any
new I/D project or provisionThesestepscan besummarizeds follows

Stage Y2 Estimate the schedule baseline of I/D to quantifthe 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 incexulftiven accelerated construction

approach. The estimated differermween the number ofosuresecessaryo complete a

project by using @onventionakcheduleand an incentivecheduledetermines the maximum
probable number of closures and working days that can be saved by using an incentive schedule.
This schedule estimate is essential in thatitkily 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 usintpe stateof-the-art CA4PRSsoftware should reduce the number of
contractors who receive incentives without committing additional effort.
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Stage 2for the initial lower bound of I/D % Quantify the CAC of accelerationby developing
predictive models

This stage computes the reasonable level of CAC of acceleration, which can effectively motivate
contractors to pursue accelerated constructismg the schedule simulation function of
CA4PRS, a dat a s e t-cost fraddoffsereated mfaur dédferéntorescui@e t i me
usage levels. A regression analysithen performed to develop predictive models that
determine contractorsd most | ikely additional
model is applicable to a variety of tranggation infrastructure improvement projects, the same
processes were repeated for each of typical pavement rehabilitation strategies such as Jointed
Portland Concrete PavemenPCP), Continuously Reinforced Concrete Pavement (CRCP), Hot
Mix Asphalt (HMA), and Milling and Asphalt Concrete Overlay (MAC@®gach strategy is

referenced to typical crosection designs to make the models applicable to a variety of highway
rehabilitation projects. The quantifying modbbsed on the timeost tradeoff data (TaldelQ

13) of each pavement strategg ahown in Equations (8)11).

Stage 3 and 4 for the initial upper bound of 1/ Computes total savingdy accouning for

the monetary values of the time saved by road users and to the contracting agency
Thesestages computetotal savings to be used as the I/D upper bound. The monetary value of
time saved by the traveling public from early project clatiqpn can be quantified BFiRUC

lookup table (Tables 1618). To quantify the I/D upper bound, this study consit@sew
concept of total savings that extetheé current practice toover the monetary value of time
realized in the agency cost (see Table 20), believinghbatdntracting agency can also save
agency costs in proportion to the number of days the l/[2greliminates.

A series ofCA4PRS 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 Adjust the initial CAC and

total savings to quantify more realistic I/D rates

These stages adjusie initial CAC by applyinghe concept of OS. The total savings derived
from stage 3 and4 areadjusted by adopting a NPV analysis techniquerder to arive at more
realistic I/D rates by applying appropriate discount factors

Stage %2 Determine optimal I/D rates through a validation study

In this stagethe final I/D dollar amounts are determined in three forms sucltlaswae I/D, a
daily I/D, and a m@mum |I/D. Avalidation study was conducted on two ldifg large-scale

I/D rehabilitation projects completed in South@alifornia, with the goals of demonstratitige
entire procedure to arrive aptima /D rates and investigatitgw robust the propsed
framework is in predicting the actual values of I/D amouhit® validation study confirmed the
robustness of the proposed framework.

XV



Implementation of new I/D project or provision

Stage 1

Stage 2 | Stage 3&4 | Stage 5&6

| Stage 7 |

The schedule baseline

Research
Objective

o S|
CA4PRS Schedule Analysis

= Maximum number of days that
can be saved bu pursuing an
incentive-driven accelerated
schedule

= Schedule database

Research
Outcome

* The contractors’ time-cost

The initial lower bound of The initial Adjustment of the lower
1/D upper bound of I/D and upper bounds
CAC Quantification A{I{ll\'u'll Lower Bmltd: LOS

Total Savings: RUC + Agency Cost

58 c » |8
o o Sty
“Adjusted Upper Bound: NPV

Ll s

= Monetary value of time saved by
road users and to agency

= RUC lookup tables

= Agency cost savings lookup tables

= Adjusted CAC
tradeoff Data on four different = Adjusted total savings
pavement rehabilitation strategies
(JPCP, CRCP, HMA, and
MACO)

* CAC Predictive Models

Conclusions and Contributions
This study presents a comprehensive framework that can be used to estabjximtized
lower and upper bourfdr an I/D contract, an estimate that$alli t h i n
is still sufficient to motivate a contractor to complete the project ahead of schiedugloys a
holistic approach that integratesnstruction deedule, CAC, and total time value savingth a
discounting algorithmThe proposed work can be used to justify whether incentives that will be
paid to a contractor arecouped in the value of time saved by road users and the agaecy
study results nealed a strong tradeoff effect between schedule and cost, suggesting that CAC

growth rate can bdetermined y

analyzing how the

Optimal I/D rates

* Daily /D
= Closure I/D
» Maximum /D

an agencyos

CAC interact

schedule goalThe robustness of the proposed sestage methodology was tested and
confirmed by conducting a validation study with two re@lrld construction projects.

The validation study revesihat both projectsonsidered irthis study were appropriate for
application of an I/D provision since the estimated lower bound was sithafethe 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. Specifithéycontracting
agencyused a closure incentive of $100,000 the 1710 project. The I/D amount ($100,000 per
55-hour weekend closure) set by the agency was close taljhsted lower bound ($8B1 per
closure) predicted by the model. However, in the-gosistruction meeting with the contractor,

the agencyckrowledged that the incentive amount paid to the contractor was not enough for the
contractor to recoup the cost added for accelerating construitteoadjusted upper bound was
$1.36 million per closureBecause this project had been tianitical, a large incentive amount

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

earlier.

This researcls the first of its kind and expected to &significant leap forward over currentad
hoc approaches that rehgavily on STAengi e e r s 0 historical dataandjudgment,

made primarily on the impact of I/Ds on road us&he proposed worgrovides research
communitiesand industry practitionemsith the firstholistic view that they can use to determine
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the most economical and realistic I/D dollar amsdiot a given projectUse of the proposed

frameworkcan help agency engineers and decisiakers make betténformed decisins and

allocate moreealistic incentives when they consider the implementatian 1/D provision

which will result in more favorable cebenefit ratios and better use of public furifithe

agency allocates an incentive smaller than th
contractors from submitting a bid. Usetbé framework can also benefit contractors ligan

projects that includ&D provisionsbecause it can provideem withadvanced knowledge of the

balanced timeost tradeoff amount requirédr accelerationCritically, it will significantly

reducete agencyod6s expenses in the time and effort

Finally, the research&en has recommended that pioneef®IgAs champiorthe use of the
proposed workn an attempto apply the proposed framewdiktime-sensitivepilot projectsto
test whether thproposedrameworkcanreasonably determirend justifythe most economical
I/D dollar amounts
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NOMENCLATURE

AADT Annual Average Daily Traffic

ACP Asphalt Concrete Pavement

AADT Annual Average Daily Traffic

CAC Comtractorso6 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 FederaHighway 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 Roa User Cost

STAs State Transportation Agencies

DEFINITION OF TERMS

Lanekilometer (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 timasted as a

result of rehabilitation work

Road User Cost (RUC) Monetary value of the estimated loss in dollars cause
by delays in completing critical civil transportation

projects

Contractor 6s (CAQ d A critical factor for competitiveontractors to minimally
motivate to pursue accelerated construction, defined
the minimum I/D rate

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

sum of RUC and agency cost)

Level of Service (LOS) Letter designationd throudh 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 mor
(cash flows) forlong er m proj ect, d
worth of a future amount of money, before interest

earnings and charges

XVili



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 AgenciesT&s)d they must renew badly deteriorated infrastructure

systems while minimizing the impact and inconvenience that construction lane closures have on
the traveling publicSTAs are facing an immediate need for massive highway infrastructure
rebuilding, as promed by specific $80 billion funding targeted for extensive transportation
infrastructure rehabilitation projects (Choi and Kwak 208ich highway infrastructure
improvement projects performed in heavily trafficked metropolitan areas frequently cauge sever
traffic inconveniencéo the traveling public and commercial enterprises that rely on the
roadwaysresulting in the average driver burning 67 hours and 32 extra gallons of fuel each year
(Hasley 2013)Therefore, mny STAs are undéncreased pressure minimize the work zone
impacts occurred during lane closures.

The Federal Highway Administration (FHWA)ade a stride toward addressing this growing
challenge by launching the Every Day Count initiative aimed at shortening project completion
times (FHWA2012).Research into public perception lesoshown that the traveling public

and affected businesses show a willingness to pay higher construction costs when they anticipate
that shortened construction schedules will miggateir overall inconvenieeqChoi et al. 2009)

I/D: AR, CA, CO, DE, FL, GA, IA, ID, IN, KS, MD, ME, MI, MN, MO, ND, NE, NY, OH, OK, OR, PA, RI, SC, TB, TN, TX, UT, VA, VT, NV
CMGC: AK, AZ, FL, MI, OR, TN, UT
I DB AK, AL, CA, CO, DC, DE, FL, GA, H, IN, MA, MD, ML, MN, NC, NJ, NM, NV, NY, OH, OR, PA, SC, SD, TN, TX, UT, VA, WA, WI

¥ Both CMGC & DB: AK, AZ

I - FL. MI, OR, TN, UT

Figure 1. I/D and Alternative Project Delivery Methods versus States



1.2 Alternative Accelerated TechnicalConcepts:Time-BasedIncentive/Disincentive

Transportation infrastructure improvement projectsaavily-trafficked urban areas
inconvenience the traveling public. Among tiredesirable impacts for both 8% and the
traveling public created by lane closures during construction are severe congestion, safety
problems, and limited property access (beg Choi2006. In particular, traffic disruptions at
construction work zones (CWZs) on urban highway networks frequently c@dtets between
STAs and the nearby communities.

To carry out transportatianfrastructure improvements, 8% must close pains 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 thatA3Tface: innovative contréing strategies that can both reduce
construction duration and lessen unfavorable traffic impact to the traveling public and
commercial enterprises that rely on these roadwiysnitigate these traffic disruption problems
while responding to the challengeeFHWA 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 consttion duration is to offer contractors an early completion
incentive bonus that can motivate them to apply their ingenudgrtleting projects early

STAs have experimented with I/D contracting strategies either as aadtaredmethod or in a
combindion with other alternative accelerated technical concepts (e.gplasstme combined
with 1/Ds). I/D provisions help agencies balance the cost ofusad delay and project delivery
expense. I/Ds have been used to accelerate construction unddrebodisigrbid-build and
designbuild delivery methods. Even the contracting community has an interest in agencies
setting I/Ds properly.

To motivate contractors to complete construction projects early orrjgdct highway

pavement congiction projects, STAs have used I/D provisidf3.contracting has become one

of agenciesd favored alternative strategies
completion. Timebased I/D provisions are one of the most widely used stestéi reducing
construction time preferred by 8% and contractors alike because they can establistwvimin
solutions for both partie@barra et al. 2002; Sukumarahal.2006) The I/D contracting

rewards contractors with bonuses for early completi@rajects 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 provisias can help agencies save on roadr 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 numerousimglact transportation
infrastructue improvement projects in 36 states, asaegdin Figure 1 (Choi et aR012).



2 RESEARCH OBJECTIVES AND METHODS

2.1 Gaps in Existing Knowledge

As shown in kgure 1, I/D contracting has been use@dely in 36 statesAlthoughuse of I/D is
increasingly common, very littlis availablefor quantifying realistic I/D rate#\s a result, STAs

often struggle to select the most appropridderates.The lack of the propdfD analytical tools

to corcurrently linkprojectpeculiaritiescontractod s addi t i onal cosahd ( CAC)
projectimpact on road usemevents STAs from realistically assessing I/D dollar amounts.

The amount of compensation specified in I/D contracts not only affects contractor project
performance but alsoftects how an agency spends taxpayer moAegontracting agency that

wants to us¢he I/D contracting method must first determine the monetary value of the time

saved by earlier project delivery. However, determimgajistic incentive dollar amounts leals

onthe value of time savad a challenge because of thek of standardized methods and

computerized analytical toolSTAs have determined I/D ratesstlyby their impacts on RUC,

as measured as savings or geléChoi et al2012). However, this ¢én results in frequent
misapplications and substantial losses of public resources. Determining I/D rates that promote
early completion of projects, exceed contract
the total savingsinthe RUC isextremmel di f f i cul t. Contractorsoé rel
cost data is part of the problem, but the larger issue is that there is no systematicomeibtiod

for helping STAs determine effective I/D rat€hpi 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 projeespecific peculiarities, RUC, and CAC (Gillesdi®@98 FDOT 200Q Choi and

Kwak 2013.

2.2 Research Objectives

This projectcreates and test a novel decisiorsupport analyticairameworkthat determines the
most redistic and economical I/D rates and is applicable to a variety of transportation projects.
Early compléion incentives have been shown to be an effective way to motivate contractors to
use their ingenuity in order to complete the project ahead of schgthrlezsman and Ellis 1995;
Ibarra et al. 2002; Shr and Chen 2004; Ellis and Pyeon Zy0%nd Chen 2@&) Sillars and

Leray 2006; Ellis et al. 2007; FDOT 20(~ick 2010; Jiang et al. 2010; Choi and Kwak 2012;
Choi et al. 2012; Pyeon and Lee 2Q18)theory, to encourage competitive contractors to bid on
projects, an agency must offer I/D amounts greaterh t he contractor és add.i
acceleration. In practice, however, I/D rates are determined based mainly on RUC, resulting in
frequent misapplicationd.ee and Ibbs 2005; Choi et al. 2012; Pyeon and Lee 2@1djely
considers what it would takthe 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
uses (i.e., RUC), but also takes the contractor to achieve it (i.e., CAC). There is an immediate
need to develop model that is not onltheoretially justified but alsopracticaly usefuland
applicableto reatworld projectdor the determination asptimal I/D ratesthatstrike a balance
between RUC and CAQ.o acheve this this study has the followingjx distincttasks
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Gather preliminary information and identify gaps in knowledge.

2. Generateomprehensive timeost tradeoff data from stochastic simulations sourced from
realworld highway pavement rehabilitation projects.

3. Develop stochastic modefisr each typical type of pavements for estimating CAC (lower
bound of I/D) by combining an exiag schedule simulation technique with regression
methods.

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

5. Developa novel algorithnto adjust the initial estimates of CAC and RUC by applying the
conceps of level of service and net present value.

6. Validate research results with reabrld highway rehabilitation projects.

2.3 ResearchMethods

To adieve theobjectives, this studysedsimulationbased stochastic approasihat

concurrently capture schee@yl/D baseline) CAC (I/D lower bound) and total savingd/D

upper boundin RUC andagency cosby combining existing schedule and traffic simulations
with a stochastic analysik this project, a novel analytical algorithm based on the concepts of
Level of Service (LOS) and Net Present Value (NR¥}¥ also developed to teke validity of

the research hypothesis that tlagiablescan be used to determine the most economical and
realistic 1D ratesby effectively adjusting the initial values of tleever and upper bounds

(Figure 2)

Initial I/D Range

A

|
|
|
>
» I
[

= CAC: Contractors’ Additional Cost
4 = Total Savings = RUC + Agency Cost
4 /D ”QJ___ = LOS: Level of Services

= NPV: Net Present Values

|

cAC LOS NPV Total Savings
(Lower Bound) : : (Upper Bound)
e
Optimized I/D Range

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 ivisatvorth 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 quantifyg and validating I/D rates. Although the existing research
provides valuable proaff-concept studies, a rigorous theoreteadl practical framework that
capurestime-cost tradeoff effects of I/D, savings to motorists and the agency, and adjustments
concurrently isdesperately needddr thedetermination of optimal I/D rateSuch a framework

can translate into better use of public funds while advancing existing knowledge. This project
aims to address this pressing neBuk research methods$ this sudy can be generallgtivided

into the following activities, which are closely connected to each other:



1. Baseline Schedule Estimationit quantifies the number of closures and working days by
which the project can be shortened with use of an incehtiged accelerated schedule
with an expectation that the accelerated project will use 15 to 20 percent more resources than
a conventionascheduleCA4PRSdeterministicschedule simulations wetssed 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., lamailes to be rebuilt), pavement design (i.e., cesstion
design), construction windows (i.e., nighttime, weekday, weekend, and 24/7), and resource
constraints (e.g., number of concrete delivery trucks per houeap).

2. Time-Cost Tradeoff Model for Quantifying CAC: A series oMonte Carlo simulations
with CA4PRSwascarriedout Through thesimulations comprehensivechedule trend data
were generated, which captures schedule compression efifefcisr differem levels of
resource use in the number of resources per hour perttestits, ordinarily, a percent
increase, 15 percent increase, and 25 percent inc&ias@ation results indicate that
25 percent increase on the ordinary level of resource usetzelactivity ceiling point.
Subsequentlychanges in cost in response to schedule compressimnthen computed
manuallybased on avidely acceptedost manualBy doing so, the research team was able
tocreated et of ¢ o ncosttemdebdffalaten dhe four diferent resource usage
|l evel s by analyzing how the CAC intlLesthact s wi
the timecost tradeoff relationshiywasplotted to determine thigpe ofregressin equation
that best fits the datdhe research teafound that a quadratic curve function best describes
the timecost relationship, and an initi@lAC regression model dquation (2 wasderived
usingthe quadratic functionVith the initial model, aegression analysisasthen carried
out to create a predigt modd that determinethe CAC of acceleration.

3. Quantification of Total Savings to Road Users and to the Agency rich se of lookup
tables for quantifyinghe monetary value of timgawed byroad users (i.eRUC) was
generated fronCA4PRStraffic simulationsThe monetary savings to the agency were
guantified byadding up three major reduction factors such asatézhs in the costs of
construction zone enhanced enforcement program (COZEEP), agency engineering cost
(AEC), and moveable concrete barrier (MCB) rental.

4. 1/D Adjustment from Initial CAC and RUC : To determine the most appropriate I/D sate
for a given poject, the concepts of level of service arad present value wesgpplied to
makea reasonabladjustnentbetweennitially estimatedCAC and total savings

5. Validation of the Proposed I/D Framework with ReatWorld Projects: The proposed
framework was agdied to two longlife 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 improgment projects across states in the United States, the same processes were
repeated for each of typical pavement rehabilitation strategies sue6RsCRCP, HMA, and

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

I/Ds, and the maximum incentiveBhe research team believéisat the proposed integration

approach to determining an appropriate I/D rate can justify the I/D rate from-laeresit
analysisstandpointi Cost 0 i s def i ned ssubtradied romithe CAC Ot | ve f e
acceleration. ABenefito is defined as monetar
project completion. To be an effective I/D rate, the additional cost commitment paid to the

contractor must be recouped in théueaof time saved by road users and the agenwy study



results revealed strong tradeoféffectbetween schedulend costsuggesting that the level of

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

proposed timeost tradeoff modelS he robustness of the proposed modeling framework was

then validated through two case studagsplied to two highway pavement rehabilitation projects

where time was deemed critical due to heavy traffic voluifigis researchs expected to be a

significant leagforwardover currentasdh o c appr oaches that rely heayv
intuition, judgmen and historical datahuslacking theoretical foundations. This prowsde

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 foraement Rehabilitation Strategies (CA4PRS) softae

been reported to be reliable in predicting optimum pavement construction prod@ttmrand
Kwak 2012; Lee and Ibbs 2005 his study adopts CA4PRS as a main analysis tool to create
baseline timecost 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, aiydepabcesses. The
research tearalsoused the Integrated Definition (IDEFO) function modeling technique for
demonstratinghe optimal I/D determination processesufficient details, associated with each
of the above listed five main research activitidse IDEF) modeling technique has been proven
to be an effective tool for visualizing the modeling proceé&aderson and Fisher 1997; Fisher
1997 MnDOT 2013)

2.3.1 Use of CA4PRS for Building Baseline Data

Agency effortdo deliver projects in a timely nmaer have been furthered by use of innovative
software analysis programs and scheduling technisues aCritical Path MethodCPM) or

Program Evaluation and Review Technid2&RT). A more recent tool arising from these

efforts is a statef-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 (Fige 3).

CA4PRSwas developednder the FHWA pooled research fund witinaltistate consortium
(California, Minnesota, Texas, and Washingtdrie softwardnas three main functions
schedule, cost, and work zone estimai@4PRS® schedule analysesstimaesthe duration of
highwayrehabilitationprojectin terms oftotal number of closurdsy considering the following
critical factors that affect project duration: project scope {haite to be rebuilt), construction
strategies (e.g., concrete, asphaltarete, milling), crossectiondesignsconstruction windows
(e.g., nighttime, weekend, extended 24/7 operations), and conlagisticsand resource
constraints (Lee and Ibbs 20068A4PRS® work zone analysis, which is basedtbha Highway
Capacity Maual demand capacity model, quantifies the impact of construction work zone
closures on the traveling public in terms of road user cost and time spent inlgeeeé al.
2008).

CA4PRShas been widely used in California and in four other states. Validstiiglies on
several major highway rehabilitation projettsstates including California, Washington, and
Minnesotaproved the scheduling reliability and accuracy of the softyear@ as a result, there



has been nationally growing acceptance of the pnognaluding recent arrangemsiity FHWA
of free group licenses for @D states.

CA4PRSplayed 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:

A How many closures the project would take

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

A How many closures (days) a contractor can reasonably eliminate under four given
resource levels.

Since the scheduling reliability and accuracyCé4PRSwas validated with numerous highway
renewall projects, it was gwsde riade bashlinetdatd. h e
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2.3.2 Use ofIDEFO ProcessModeling Technique

The Integratedefinition function nodeling technique was uséat this studyto highlight each

of stepwise procedusaimedto arrive atoptimal I/Drates IDEFO process modeling technique
is a graphical description of the processes while showing logics of the modeling (Liu and Hu
2011). The IDEFO modeling tool has been widedgd to improve the communication process
within the system and also to document, plan, analyzegresid integrge algorithms, as it

help to modify the logic and process

Six different types ofDEF modeling toolsaresummarized belowAmong six modeling
techniques,his studyadopts théDEFO technique focapturing the details of the I/D
determination process.

IDEFO: for function nedeling

IDEF1: for information nedeling
IDEF1x: for data mdeling

IDEF3: forprocess radeling

IDEF4: for objectoriented @sign
IDEFS5: for ontology descriptionapture

I I I > >

As depictedn Figure4, the IDEFOfunctionmodelng technigie is based otihe arrowsyntax

(Talluri and Yoon 2000)The figure demonstrates that the activity transforms inputs into outputs;
inputs are showhy theenteringarrowwhile the outputs arexpressed by the exiting arram

the right side of thactivity 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.

Controls

Factorsthat guide or
regulate the activity

Inputs Function or Qutputs
e Activity Resultsof th
ltemsthat trigger sults of the

the activity A0 activity

Mechanisms

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

Figure 4. Basic IDEFO Syntax

IDEFO modeling technique consists of several activities arranged in a top to bottom fashion. A
simple hierarchical structure of an IDEFO model is mentioned in FigUreis toplevel
function is decomposed into sfilnction parts and is further decomposed waitibf the relevant



detail of the whole function is adequately visible (Waltman and Presley 1993). This process is
called creating a child diagram

parent

parent
b l L
m

Z
_b7a1 | L N\ 1
child e AN
diagram .~ : This arrow (position C2) is not
shown on child diagram.

gl c3
=~ )|
_S :

\ \I
E| =01\
| | This output is not

shown connecting to
the parent box.

Figure 5. IDEFO Model Decomposition Structure (Waltman and Presley 1993)
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2.4 Resear® Assumptions andLimitations

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

time-based incentived.hedecisionsupport modeling framework developed in this research is

limited to the timebased incentives. TirAgased incentives can be divided into two categories:

linear incentives and escalating incentives. Shr and Chen defined these concepts asiféllows:

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
(Shr an

greater the daily amount paid to or assessed dgainrsh e contr actor o
researctwill only take linear I/D into account under the followitigeeresearch assumptions:

A All schedule and traffic simulation parameters are based omveell highway
pavement rehabilitation projects thegre independently implemented and completed.
Each simulation on generating schedule trend dat&&il lookup tables was also
independently performed. All simulation data to be generated are assumed to be
statistically independent.

A When estimatingthE AC prediction model ,

_performance and work experiences were assumed to be identical.
When validating the proposed framework, it was assumed that agency engineers were not

biased in setting the original contract duration

contractor sé






3 |/D DETERMINATION PR ACTICE IN EXISTING K NOWLEDGE

Researchers conductedh@roughreview of literatureonthel/D determinatiorto gainaninsight
into thecrucial factorgo considein estimatingan I/Drate This literaturaeview provide a
comprehensive overview of crucial elements in thelémentation of I/D provisionanda
summary of ase studies conducteg sevenleading STAs to investigate the statiepractice of
I/D provisions.

The existing literaturgrovides information about current industry practice on-raged/D
provisionsandtheir effects on project acceleration and operations. Téeegal themes emerged
from the review include:

A The existing literature is outdated and insufficient. Besiaeshodical research has not
been conducted to frame the I/D determination procedures.

Methods to determine daily I/D amount and contract time have advanced over the years,
but they still have many limitations.

Engineer sé over e s tisinatieehhlenrhe stifdiesdtcodaté angh ct  t i me
impedes the effective application of the tHm&sed I/D contracting method.

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

construction engineering inspection costs, stel@ed taffic control and maintenance

costs, detour costs, and road user costs.

Engineering judgmeritas been used adjust the calculated daily amount downward to a
final daily I/D amount.

Estimation of RUC may be done polciesagd accept
procedures.

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

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

A maximum of 5percenthas been specified as the incentive cap with no re@ndation

on the maximum disincentive amount.

A daily I/D amount should provide a favorable benefit/cost ratio to the traveling public
and be large enough to motivate the contractor.

Theoretical frameworkor methodshat canquantifyoptimal I/D ratey 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.

> > >

> > D>>> > >

The following $x sections summarize the key elements to be addressed when applying I/D
provigons the current statef-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 containformation on the selection criteria for determining whether or not to
apply a timebased I/D provision (Christiansen 1987; Plummer et al. 1992; Jaraiedi et al. 1995;
NYSDOT 1999; Livingtone et al2002; Ibarra et al. 2002; Rister and Wang 2004; ShiCireh
2004 Choi et al. 2011; Choi et al. 201®).general, the use of tir@ased I/D contracting

method is limited to heavily trafficked, fasack projects where achieving the earliest possible

11



project completion is needed to minimize inconveniendbddraveling public. Thselection
criteria for employing a timdbased I/D provisioimclude

Heavy traffic volumes and anticipated high RUC increases due to construction
Major rehabilitation of a system already in use that will severely disrupt thentdiow
of traffic.

Work that will complete a gap in the highway system

Limited access to detour routes

Significant impact on public safety and abutting businesses

Significant impact on emergency service.

DD DD

Considering these criteria, tintsed I/Dprovisions 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 one# 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 timbased I/D projects, the determination of contract time may be the
mostaffecting factor that strongipfluencesthe effectiveness of I/DFHWA defines contract

time fortimebased |/ D projects as At h-daybasighe (compl et
established for the contractor to complete critical work ahead of sehedudientified projects.

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

when unrestricted traffic is permitted on the

In the timebased I/D contracting method, the contractiggncy determindgsow long it will

take to complete thgroject 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 tbhasis 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 becaus# the previously noted tendency of agencies to overestimate contract time
(Herbsman and Ellis 199&hoi and Kwak 2012 Moreover, the related literature points out that
systematic approaches to determining contract completion times have rarely bekin foun

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 delay@DOT 2000; Choi et al. 2011; Pyeon and Lee 20th2ye has not been a

formally estalishedstandardtalculation procedurdRUC 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 assessineséd to iderity impacts on

service levels, determine lagsure strategies, and identify I/D ratksthe A+B contracting

method, the daily RUC serves to help the contractor determine the monetary value of time (B)

12



when making a bid. In the I/D contracting methddily 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, (Zhe average number of passengers per vehicle, and (3) thye ¢l

per passenger (Shnd Cher2004). Externalities such as aguality cost and vehicle noise

factors have rarely been reflected in the catautaof RUC (Gillespiel998). The bottom line for
determining daily I/D rates is that the rates must cet@ overriding timesaving benefit for the
traveling public (Herbsman et al. 1995; Plummer et al. 1982 et al. 2013 In other words, to

be effective, the |/ D amount should be greate
costs and smalteghan total RUC (Rister and Wa2§04). 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 forfetie¢ use of

the timebased I/D contracting method.

The most widely used statd-practice software for calculating RUC is tHegghway Capacity
Softwarg(HCS. This is based on the Highway Capacity Manual (HCM) MictoBENCOST
(Gillespie 1998)QUEWZ,QuickZoneandHCSare being widely used for the calculation of

gueue length and wkizone delays (Benekohal et 2003).MicroBENCOSTemerged as an
alternative tdQUEWZ which has been used since the early 1980s:0BENCOSTwas based
onthe 1985 HCMah t he 1977 AASHTO fAiRed Book, 0 with sp
of vehicle operating cost (TTI993). Developed in 1995CSis a computer version of the HCM

for calculating RUC (University of Florida 1995). The FHWA recently developed the Microsoft
ExcelspreadshediasedQuickZoneas an estimating tool for work zone delays (FHWA 2005).
QuickZonewas developed to evaluate traveler delays due to construction. It provides a complete
and realistic view of total construction costs based on the estimattb 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 amoanésdetermined by RUCs in some inative

states, the majority of 3 still use a percentage of the total project cost to determine them
(Benekohal et aR003). The same value is typically used for both the daily incentive and
disincentive with some exp@ons (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 stughgerbentof total project cost ifirst

determined to serve as the maximum incentive am@&HWA also recommends a cap of

5 percenf the total project cost be used as the maximum incefibaera et al. 2002) To

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

divided by the number of days that are saveddnyg the I/D fasttrack 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 numbedays 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 3ercenb f t he engi neer 6s time esti ma
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1999). The maximum incentivamount is then capped by multiplying the daily incentive dollar
amount. In general, the maximum incentive amount is limitedaer&entbof the total

construction cost (Herbsman et al. 1995; Arditi el 887; Shr and Chen 2@). The critical

problem inthis 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 throe@Wz.

The daily I/D amount has increased over time from a range of $1,000 to $5,000%0@it$2
$5,000 (Herbsman et d995) to a rangef $5,000 to $20,000 (Yakowen2®0Q Sun et al.
2013. The daily I/D amount is usually higher in urban areas thauaral areas due to higher
urban RUCgBenekohal et al. 2003). In most states, where theliased 1/D provisions have
been implemented, the initial daily I/D amount is adjusted downward to provide a favorable
benefitcost ratio for the contcdors andhe traveling public.

3.5 Pros and Consof I/D Contracting

Generally, timebased 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 reseh experience of Herbsman and Ellis indicates thate98entof the

contractors ir85 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

A 1/D contracting reduces construction tisignificantly (Christiansen, 1987; Jaraiedi et

al., 1995 Choi et al. 2012 For examplel00 percenbof I/D projectsin Missouri in 2011
were completed on time or soonsignificantly higher oftime completion rate thaton

I/D projects(Sun et al. 2013

I/D contracting minimizes inconvenience to the traveling public areti@d enterprises
(Lee and Cho2006).

I/D contracting improves construction labor productivity by 25 t@&@entand shortens
schedules by 1t 25percent(lbbsandAbu-Hijleh 1989).

I/D contracting lowers agency risks by transferring them to the contractor (disincentive
clause) Arditi and Yasami4998).

I/D contracting provides a better definition of project objectives and a better definition of
project design (Ibbs and Aldijleh 1989).

I/D contracting improves safetyegformance (Ashley and Workmd®85).

I/D contracting results in higher project bids because contractors expect to receive
incentive bonuses (Arditital. 1997 Sun et al. 2013 an advantage for agencies trying to
reduce costs to the public.

>> > > > >
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2. Cons

Increased cost to the contracting agency, if not effectively implemented (Jaraiedi et al.
1995 Sun et al. 2013

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

Higher probability of budget overflow#\(diti et al. 1997).

More vulnerable to legal disputes between agency and contractor (Ashley and Workman
1985; Arditi et al. 1997; Gillespie 1998; Ibarra et al. 2002).

Difficulty in administration (Ashley and Workman 1985).

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

D> > B>

3.6 Case Studies

3.6.1 California

California Department of TransportatioBgltran3 is one of the leadingT®s when it comes to

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

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 rigeean incentive bonus of $6,000 per day if the

work was completed in 12fays 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 Lagyéles highway system damaged by the
Northridge earthquake in 1994, Caltrans used rebogeking incentive payments for the earliest
possible completion of construction. For example, in the rehabilitatiocd@fn Los Angeles,

the contractor completeti¢ 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-kanestate highway system, began implementing

its Longlife Pavement Rehabilitation Strategies (LLPR®&gram to rebuild approximately

2,800 lanekm of deteriorated higlrolume urban freeways with pavements designed to last more
than30years wih minimal maintenance (Caltra©998). In general, the LLPRS projects are
constructed as fastack projects wh the implementation of timeelated 1/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 fastack concepts of the tirfigased I/D provisions have been
validaied and successfully implemented in the following three experimentattitieal LLPRS
projects.

3.6.1.1 1I/D Pilot Project: I-10 Concrete Rehabilitation in Pomona

Various I/D provisionsvereusedin therehabilitation of 110 Pomona pileproject, where

2.8lanekm of deteriorated truckane was rebuilt during one S®ur weekend closure with
aroundthe-clock operations. In this project, an incentive payment was to be made to the
contractor in the amount of $600 per laneter for each lanmeter replaced in exse of
2,000lanemeters during the weekend closure. A disincentive would be assessed in the amount
of $250per lanemeter for each lane meter less than 2,000-faeters. Theéncentives were
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capped at $500,000. The contractor was awarded a $500,000vagqetment for completing
more than 2.0 lankm of the contractual thresho(tlee et al. 2008

3.6.1.2 1/D Demonstration Project:-F10 Asphalt Rehabilitation in Long Beach

Caltrans included timbased I/D provisions in the710project contract to achieve fast

delivery of construction with less traffic disruption during lane closubeseriorating PCC

pavement was replaced with a lelifg asphalt concrete pavement in eightHgur weekend

closuresThe I/D provisions specified thdté contractor was eligdto receivean incentive

bonusof $100,000 per weekend closure if firejectwas complete@arliert han Cal tr ans
plan of10 weekend closure€onversely, the contractor was subject to a disincemtittee same

amount. An incentive cap of $5000 was the specified maximum incentive amount; there was

no specified upper limit on the disincentive amoiutivated bythel/D clausesthe contractor
committed additional resourcesgmpletedhe project two weekends early, and received a
$200,000ncentive bonusl(ee et al. 2008

3.6.1.3 1I/D Implementation Project:--15 FastTrack Concrete Rehabilitation in Devore

Detailed I/D provisions were applied tme F15 Devore urban highway reconstruction projact
October 2004, as the first largeale I/D impementation project. Motivated by the I/D

provision, the contractor completed &km stretch of badly damaged concrete truck lanes in
only two 215hour (about 9 days) ofreadbed continuous closuregth 24/7 construction
operationgLee and Choi 2006Due to high traffic volume during closures and the public desire
for early completion, three levels of tilbased 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 theltmeeasection, 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 thenotalber closures and
secondary incentives for the total closure d&fsof et al. 2009

The contractor was eligible for a closure incentive bonus of $300,000 if@adeed

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 disiaceithout 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 (secondabgnus of $75,000 if the reconstruction was completed in
fewer thanl9days (a total of 456 hours), and was subject to a daily disincentive penalty without
a limit. A late laneopening penalty of $5,900 per-biinute period without limitation was to be
chaged if the closure was not completely opened to traffic &yrb 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 budgetdinsitatind $600,000 was
used as the incentive cdpeg et al. 2008

3.6.2 Florida

The Florida Department of Transportation (FDOT) realized that overestimation of contract
compl etion times had prevailed in industry pr
contractor performance rates had been widely used in determining the duration of projects. In
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response, FDOT reduced contract times bp&@entwithout experiencing any major delays in
project canpletion dates (Herbsman et 8995).

In 1996, the Floda Legislature authorized thegartment 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 GeneraDif, BDotal o061

I/D contracting projects were completed from the years 1996 to 2000, and approximately
$7.3million were paid as incentive bonuses éarly project completion (FDOZ000).

3.6.3 Michigan

The Michigan Department of Transportation (MDOT) oftisas timebased I/D provisions in
association with an A+B (cogllustime) bidding procedure (Gillespi998) because the

contract completion time estimated by the winning bidder would be more realistic than the
contract time estimated by the contmagtagency (Arditi and Yasam&998). To be considered

for an I/D clause, the following conditions are taken into accounsuldgtantial road user cost
savings are expected; (2) total additional user costs are expected to be ghdeashbf the
projectcost, 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 shortbyeat least 15lays (Gillespiel998).

3.6.4 Other States

In lllinois from 1989 1993, all28 highway construction projects that used tibased I/D
provisions were completed ahead of schedule. Aboper&niof the contractors for the&8
projects received the maximum incentive payment. The average incentive amount paid per
project was 4.7 percentof thecontract amount (Arditi et al997).

In Kentucky from 1999 to 2002, approximaté&® highway construction projects were
implemented with timévased I/D provisions. For the32 highway projects, about $10.8 million
was paid out in incentivedmuses and $21,500 was collectediascentives (Rister and Wang
2004).

According to a survey conducted by lowa Department of Transport8datates responded that
they had adopted I/D provisions for their highway rehabilitation/reconstruction {saj@fchese
35 states32 said that contractors had received an incentive paymeriZstdtes responded
they had paid the maximumdentive amount (Plummer et 4B92).

In Ohio from 2004 to 20085 I/D projects were completed with erage costs of $6illiond

and I/D contractshas hown t o be effective in satisfying I
project completiorfCaruso 2010)In 2010, Giio Department of Transportatigraid out

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

project on 4280 in Lucas County and $700,000 for a roadway widening prajet.a22 in

Hamilton County (Caruso 2010).
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4 STAGE 1: BASELINE SCHEDULE ESTIMATE

4.1 Overall DecisionSupport Framework

This study help STAengineers and decisionakers 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 implementdtien of
integrated I/D decisiosupport framework that not only captures total savings to road users and

tothe agencputal so accounts for contractords additio
significantly reduce t he aotgquiredfobdstermiing®h s es i n
rates. To achieve these goals, a sestage decisioisupport framework was created, testa

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

A Stage 1serves as the baseline (i1 This stage estimates baseline schedules for
guantifying theprobablenumber of days that can be saved by using an incentive
schedule.

A Stage 2serves as the initial lower bound of I/Dhis stage quantifies the level of CAE
acceleratiorby developingpredictive models.

A Stage 3serves as the initial upper bound of IMhis stage computes total savings by
accounting for the monetary value of the time saved by road users (i.e., RUC).

A Stage 4serves as the initial upper bound of I/D: This stage compoit@issavings 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.

A Stage 5serves as the final lower bound of I/D: This stage adjusts the initial CAC based
on the concept of LO$ order to arrive at more realistic I/D rates by applying
appropriate discount factors.

A Stage 6serves as the final upper bound of I/D: This stage adjusts the total savings
derived through stage to 4 based on the concept of NP\order to arrive at more
realistic I/D rates by applying appropriate discount factors

A Stage 7determines an optimal I/D between the final lower and upper bounds: This stage
results in the estimates thfree types of incentives such as closure 1/Ds, daily, ldbd
I/D cap rates.

Over the years, computer tools for determining daily I/D amounts and maximum incentive
amounts have advancdulit these tools still have crucial limitations insofar as they cannot
concurrently account for projespecific peculiaries, CAC, and total savings in RUC and
agency cost. In addition, a reasonable adjustment algoritiinosdédefining parameters is
currenty lacking. All the tools currently available have tf@lowing critical limitations:

A None of the tools provide rable 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, thesawed estimate is
manually input by angency engineer who bases it on judgment and personal experience
rather than on a validated method.

A None of tools and methods provide an integrated systematic approach to concurrently
guantifying what it is worth to the traveling public and what it takethé contractor.
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A 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 amsmot taken into
consideration.

Recognizing the aboveentioned limitations, thproposed frameworktends tdully address

those limitations bgmploying an integrated analysis of (1) construction schedule, (2)
contract or 0 somaithebnt,(3) total tarle vatu® savings, and discounting algorithm.

In doing so, STAs canetlerminethe mostealistic economical/D dollar amounts that fall

within an agencyodos budget and are stilect suffi
ahead of schedul&his will also help the contracting agencies make batfermed decisions

when I mplementing | /D provisions while facild@
incentive budgets, which will result in more favorable dmestefitratios 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 reprasentding to the data analysis,
51 percentof all project estalidhments over the past eight years in California (Choi et al. 2012).

20



T¢

Optimal /D
Amount
Determination
A0
Adjusted A‘gus’;ed
Number of . Initial Upper Initial Upper CAC(/D ot .
Project with I/ D| Perform Schedule |  dosuresand Determmev Initial Lower Bound ) . Bound . . Bound _ ) Lower _ ) Savings (I/ Determlng I/D )
Provision Estimate Usin dayssaved ontractors Estimate Quantify Savings | ginarey | Quantify Savings | oo ooy | Adjust CACwith Bound) Adjust Total Savings | D Upper between Adjusted | Optimal I/D
— gt 9 »  Additional Cost > inRUC > inAgency Cost > LOS > withNPV Bound) CACand Total +——>
(A9 Savings
AL . A3 M A5 46 AT
’ - Smulate Schedule | | Measure Cost Changes Calculate Determine the Calculate Calculate
Specify activity Allocate Changes on Four in Response to QLU F M RIS Identify Level of | | capacity threshold Deduct Total Galaulate : p y
constraints resources Different Levels of Schedule Detivesny nor:n:f?nd oodngruwon-mduoed Monetary Tlme Service based on LOS 3‘_/'“95”0"‘ Accumulated Optlmal Da”y Optlmal Cosure
Resource Uses Compressions rafficconditions Value Savings (HQM 2009) Project Budget Interest I/D IID
SepAll Sep A2 SepAll Sep AL2 Sep A3L M1 SepASL Sep A52 Sep A6L Sep A2 A7l A2
Slect Estimate number . . Determine the Determine the adjusted Calculate Point
Model the Relationship Quantify the travel time capacity from 2011 HOM: Assessadelay Calculate Net Present Value of Cash i i i
schedule of daysand between Time and Gost o differenceintoa | | (basic capacity x HXWxS (HOM 2000) Based I/ D Lower - Arrive at Maximum Incentives
parameters closures monetary value xN) Bound

SepAl3 SepAl4 SepAl3 Sep Al4 Sep AR SepA33 SepAs3 Sep As4 Sep AB3 A73
. Quantify Road User Cost
Tomandor | | RSO PRy
reffic Po} +{(VIQ* Ts* PR *

o
Sep A34 Sep A35

Figure 6. Overall Framework to Arrive at Optimal I/D Rates



¢c

Lane Qosure Scheme Project Duration

Cl @ &G G mnstruction Window (Nighttime, Weekend

Weekday, 24/7)

1/ D Budget

¥

Project with Perform
I/ D Provision Schedule
——> | Estimate Using
CA4APRS
Josure

A

Determine
Contractors'

Additional Cost

(€AQ

A2

Initial Lower Bouhd Estimate

Demand and|Capadity

Initial Upper|Bound Estimate |

Quantify
Savingsin RUC

A3

Monetary Time Value|Savings
A A,

Quantify

Infitial

pper Bpun

Estim

ate Il

Savingsin
Agency Cost
A4

VN v ¥

djusted CAC(I/ D Lower Bound)

Adjust Total
Savings with NPV

A6

NN
CA4PRS Schedule/ Traffic Smulation

Advanced Satistical Analysis

M1

M2

a 2BNIEQEHdS 2FeA S
M3

Adjusted [Total Savings (I/ D Upper Bound)

||

Determine I/ D
between Daily, Qosure and
Adjusted CAC Maximum I/ D
and Total
Savings Qutputs

A7

Level of Service (LOS
|

M4

M5

PN
Net Present Value (NPV)
I

Figure 7. SevenStageOptimal 1/D Determination Procedure



4.2 Stage 1: Baselinéschedule Estimate

As noted earlier, use of tli@A4PRSdeterministic schedule simulatiorssthe basis for
proceeding to the next levels of analy3ikis stagequantifies the number of closures and
working days by which the project can be shortened with use of an incbated accelerated
schedulé with an expectation that the acceleratenjgmt will use 15 to 20 percent more
resoures than a conventional schedule

Many researchers have reported that competitive highway construction contractors possess
adequate resources (e.g., extra labor and equipment) to meet inbastdceschedules

(Herbsman et alLl995 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 additidioal. éfor 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 th@A4PRSprovides accurate schedule estimates of highway renewal
projects Lee and Ibbs 20Q5therefore 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:

A Rehabilitation strategy: concrete, asphalt, and milling

A Project scopdanemiles to be rebuilt

A Pavement design: cresgction design

A Construction window: nighttime versus weekend closures
A Resource constraints.

This stage of baseline schedule estimatesrporates the database to produce reliable schedule
estimated including the number of closures and working days that can be&dedomparing

the effort required to use a conventional schedule strategy and an incentive schedule strategy.
The estimated differendsetween the number ofosuresecessaryo complete a project by

using aconventionakcheduleand an incentivecheduledetermines 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 Iraaximum incentive amounts are

determined as a function of the time the project can save. This new approach usioigtetate

art CA4PRSsoftware should reduce the number of contractors who receive incentives without
committing additional effort.
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The computational procedure of this module is shown in Figundich describes how the

module arrives at the maximum probable number of working days that can beFguesl 9
describesiow CA4PRSestimates two different contracting strategies, first estimating the

number of closures required for completing a given project with the specified scopmilesie

The conventional schedule was estimated on the basis of competitive coriractorg e r a g e
resource usage levels, average resource capacity, and average labor productivity. The incentive
schedule reflects an accelerated construction schedule that commits additional resources, namely,
15 percentmore for a strategy that uses concrete 2bpercentmore 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 emtire 55

weekend window was converted imorking days because curreéd(T A gractice 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 thearsion to working days. Last

the maximunprobable number of days that can be saved was then calculated using the
differencein the number of days required to complete the project witthaentionakchedule

and with an I/D schedul@ablesl T 5 ) .
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Table 1. Schedule Estimate of Concrete Rehabilitation Strategies for Nighttime

Construction.

Ordinary Schedule Incentive Schedule Number of Closures
8-Hrs Window 8-Hrs Window Saved
Scope
(lane-mi) " 12" with 6" " 12" with 6" " 12" with 6"
8 base 8 base 8 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 a7 69
20 376 553 327 481 49 72

1. Column(E) =Column(A) i Column(C)
2. Column(F) =Column(B) 1 Column(D)
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Table 2. CAAPRS Schedule Estimate with 581our Weekend Construction

Scope

Ordinary Schedule 55Hrs Window

Incentive Schedule 58Hrs Window

Number of Closures and Days Saved

(lane-mile) 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 14 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 54 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 53 12 10.9 25 4.6 11 9.5 22 0.7 1 14 3
8 6.1 14 12.5 29 53 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 14 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(l) = Column(A) i Column(E) 3. Column(K) = Column(C)i Column(G)

2. Column(J) =Column(B) i Column(F) 4. Column(L) = Column(D)i Column(H)
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Table 3. Schedule Estimate of Concret®ehabilitation Strategies for 72Hour Weekday Construction

Ordinary Schedule 55Hrs Window Incentive Schedule 58Hrs Window Number of Closures and Days Saved
Scope

(lane-mile) 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 | 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 15 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) Column (E) 3. Column (K) = Column (Q) Column (G)

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

Ordinary Schedule Incentive Schedule Number of Closures and Days Saved
Scope
(lane-mile) 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 | 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 51 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 15 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 35 8
75 1065 1065 24.5 56 888 888 19.1 44 177 177 54 12
80 1136 1136 25 57 947 947 20.4 47 189 189 4.6 10
1. Column (I) = Column (A) Column (E) 3. Column (K) = Column (Q) Column (G)
2. Column (J) = Column (Bj) Column (F) 4. Column (L) = Column (D) Column (H)



Table 5. Schedule Estimate of Milling and Asphalt Concrete Overlay Rehabilitation

Strategy: Nighttime versus Weekend

Number of Closures and Days

Ordinary Schedule Incentive Schedule Saved
Scope
(rlﬁrllee; 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 87 115 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
60 208 208 275 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 84 254 254 334 77 23 23 3.3 7

1. Column (I) = Column (A) Column (E) 3.Column (K) = Column (Q) Column (G)
2. Column (J) = Column (Bj) Column (F) 4.Column (L) = Column (D) Column (H)
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5 STAGE 2: QUANTIFICATI ON OF CONT R ADQDITCORIALOCOST 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 method®f 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 contractorso6 reluctance t oprdiisssamdlan se da
well as the extreme difficulty contracting agencies have in tracking information about individual

CAC growth.

To tacklethis issuethis study proposes a new approach for quantiffnegeasonable level of
CAC of acceleration, whicbaneffectively motivate contractors to pursue accelerated
constructionFor this purposehis study combines an existing schedule simulation with a
regression method to develppedictive moded for each of foutypical pavement rehabilitation
strategiegi.e., JPCP, CRCP, HMAVIACO), each of which islsoreferenced taypical 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 shortesgdatmn time

and contractorés additional cosgstosdr dawtald efod rf 0a
on four different levels of resource ysamely, 5 percent increase, 15 percent increase, and

25 percent increase in the number of resoupsgshour per team. CA4PRS was selected for the
simulation because its schedule simulation is
performance data, and its simulation results have been tested and validated on numerous

highway rehabilitation projects thmghout 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
researh project, a number of stochastic schedule simulations with CA4PRS were performed
based on contractorsd actual -worldoosstructort i on pl a
projects. These projects represent the typical characteristics and conditions pd\ezament
rehabilitation strategy while providing detailed, reliable construction plans including pavement
design, lanelosure tactics, resource logistics, etc. Changes in cost in response to schedule
compression were then calculated based on a costaiaunlisied and updated annually by
Caltrans A set of -costtradeoH data werescteated iomilee four different resource
usage levels by calculating changes in cost in response to schedule compression. Finally, the
relationship between timend cost was plotted tdentify an appropriate initial regression
equation and a regression analysis was then carried out to model Huosinadeoff

relationship. The robustness of the proposed model was validated through two case studies
presentedn the following chapter.

It was assumed that in a wpllanned 1/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 gedevels were considered to quantify the CAC growth
rates in the following procedures:
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Identify critical factors affecting JPCP rehabilitation production performance

2. Perform schedule estimates using a seri€3AgfPRSstochastic schedule simulations
with four different resource usage levels (TalgE9).

3. Determine the unit price ($/hour) of all resources used

4. Calculate CACs usingquation (1)

5. Quantify the interaction between CAC rates and specified schedule compressitm rates
generate timeost tradeti data(Tables 10 13).

6. Draw a scatter plot of CAC growth rates over schedule compression rates to confirm that
a quadratic model fitde regression data

7. Conduct a regression analysis to determine coefficadriEsjuation (2) for the quadratic
regressia 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 i&tep 8

10.Repeat Stepsi® for other rehabilitation strategies such as CRCP, HMA, and MACO.
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Figure 10. Stage 2: CAC Quantification for the Initial I/D Lower Bound before
Adjustment.

52 Quantificati on o-€CostCradedffEfflectt or 6 s Ti me

521 Contractords Schedule Compression Data wi

Tables 69 show the result of the CA4PRS stochastic schedule simulations. Because
construction strategies,cresse ct i on desi gn, constructce on wind:
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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 MaIg®n espectively through
Tables6 to 9 is based on actual I/D projects where project scope-(tales to be rebuilt) and

project size (original contract amount) were similar.

Conventional lane closures for 7 or 10 hours during at nighttime defined migtittenein

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, @ea/&igher construction costs.

The 55hour 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 arourtthe-clock operation®iave been applied to largeale rehabilitation

projects where time is of essence. Unlike the stawrh conventional nighttime closures that

limit the pavement service lives of no more than 15 years, the weekend and extended closures
allow longlife pavaments 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
constructim 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. CAAPRS Schedule Estimate vs. Additional Resource Usage for JPCP

Schedule estimate versus additional resource usage

Strategies Crosss_ectlon Con_struct|on Ordinary usage 5% 15% 25%

profile window

Closures| Days | Closures| Days | Closures| Days | Closures| Days

Nighttime 143.45 | 143.45| 136.56 | 136.56 | 125.96 | 125.96 | 118.18 | 118.18

g" 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

Nighttime 210.00 | 210.00 | 199.28 | 199.28 | 182.78 | 182.78 | 170.68 | 170.68

IPCP 10" Weekend 18.71 42.85 17.76 40.67 16.29 37.30 15.21 34.83

Extended 4.74 37.92 431 34.48 3.95 31.60 3.86 30.88

Nighttime 229.77 | 229.77 | 218.10 | 218.10 | 200.14 | 200.14 | 186.97 | 186.97

12" with Weekend 20.47 46.88 19.43 44.49 17.83 40.83 16.66 38.15

6" ACB Extended 5.41 43.28 4.92 39.36 451 36.08 4.21 33.68
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Table 7. CAAPRS Schedule Estimate vs. Additional Resource Usage for CRCP

Cross. ' Schedule estimate versus additional resource usage
Strategies| section Constructlon :
profile window Ordinary usage 5% 15% 25%
Closures| Days | Closures| Days | Closures| Days | Closures| Days
Nighttime 71755 | 71755 | 704.68 | 704.68 | 682.28 | 682.28 | 660.19 | 660.19
g" 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
Nighttime 1125.34| 1125.34| 1109.30 | 1109.30| 1081.41 | 1081.41| 1057.98 | 1057.98
CRCP 10 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
Nighttime 1158.98| 1158.98| 1138.15| 1138.15| 1101.93 | 1101.93| 1071.46 | 1071.46
13" with Weekend 45.26 | 103.65 43.24 99.02 41.66 95.40 39.67 90.84
3" ACB Extended 24,71 | 197.68 23.77 190.16 23.48 187.84 22.36 178.88
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Table 8. CAAPRS Schedule Estimate vs. Additional Resource Usage for HMA

Schedule estimate versus additional resource usage

Cross :
Strategies section Covr\]/isr::juo?/t/lon Ordinary usage 5% 15% 25%
profile Closures| Days | Closures| Days | Closures| Days | Closures| Days
Nighttime 63.32 63.32 60.30 60.30 55.06 55.06 50.66 50.66
g" Weekend 5.65 12.94 5.39 12.34 5.09 11.66 5.08 11.63
HMA Extended 1.06 7.42 1.01 7.07 0.95 6.65 0.95 6.65
(S'rgz'\fﬁ]”‘ious Nightime | 80.12 | 80.12 | 76.45 | 76.45 | 69.23 | 69.23 | 63.78 | 63.78
9 10" 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
Nighttime 41.92 41.92 38.94 38.94 35.65 35.65 34.63 34.63
g 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
HMA

(Pre-paving) Nighttime 51.78 51.78 49.15 49.15 44.87 44.87 43.38 43.38
10" 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. CAAPRS Schedule Estimate vs. Additional Resource Usage for MACO

Scheduleestimate versus additional resource usage

Cross :
Strategies section Covr\]/isr::juo?/t/lon Ordinary usage 5% 15% 25%
profile Closures| Days | Closures| Days | Closures| Days | Closures| Days
Nighttime 63.32 63.32 60.30 60.30 55.06 55.06 50.66 50.66
g" Weekend 5.65 12.94 5.39 12.34 5.09 11.66 5.08 11.63
HMA Extended 1.06 7.42 1.01 7.07 0.95 6.65 0.95 6.65
(S'rgz'\fﬁ]”‘ious Nightime | 80.12 | 80.12 | 76.45 | 76.45 | 69.23 | 69.23 | 63.78 | 63.78
9 10" 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
Nighttime 41.92 41.92 38.94 38.94 35.65 35.65 34.63 34.63
g" 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
HMA

(Pre-paving) Nighttime 51.78 51.78 49.15 49.15 44.87 44.87 43.38 43.38
10" 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




The simulation results show that the duration of a project is shortened as the contractor uses
more resources. THellowing four reatworld projects represent eadliferentstrategy A brief
project overview of each strategy and the assumptions made in conducting the schedule
estimatesre given below

A Jointed Plain Concrete Pavemenstrategy is based on thdb Devore Project where
the project scope was to rebuild a 10.7 {amke stretch of badly damaged concrete truck
lanes (project size: $18 million). JPCP is the most commonlypesegiment strategy
among currently available rigid pavement alternatives. JPCP has been used in 43 states
across the nation with a wadktablished desngprocedure (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 contrdhe distase between two joints, mainly
depending on slab thickness, usually ranges from 12 fo{Btd 20 ft (6.1 mwithout
reinforcing steel (WSDOT 2011). Dowel bars and tie bars transfer load transversely and
longitudinally, respectively. If there is a crackthe middle of a slab, only aggregate
interlock transfers load across the joint.

A Continuously Reinforced Concrete Pavemenstrategy is based on thé IStockton
Project in Stockton, CA, where the scope of the project was to rebuiltb2ifile
stretchof badly deteriorated highway lanes (project size: $45 million). CRCP is known to
support longterm performance and reduced maintenance, especially forvbigme
pavements, because it requires no transverse joints (Caltrans 2011). CRCP is commonly
used obr the interstate systems of lllinois, 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 smalisectioss
area and longer spans. CRCP can be applied in both wet and dry conditions due to less
water penetration.

A Hot-Mix Asphalt strategy is based on th&€10 Long Beach Projegthere the project
scope was to rehabilitate approximately 16.4Jamle of a sixlane 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’bf Bd0antages
include: it can be easily installed in much less time, and at the same time provides same
durability, strengthand life at almost the same cost (Lee et al820Dypical thickness
of the HMA strategy ranges from 6 inches to 10 inches

A Mill ing and Asphalt Concrete Overlaystrategy is based on thd5 Baker Project
where the project scope was to rehabilitate an aging 43.5rdeeatretch of two lanes
(project size: $20 million). MACO removes deteriorated pavement surfaces by milling
and rglacing 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).

Forthe construction window and lane closure tactics, a sequential-fanglelosure with a
four-hour curing time was assumed for a nighttime construction window. A concurrent-double
lane closure with a 2Bour curing time was assumed for weekendh{6r) and extended (24/7)
construction windows.
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522 Cont r act «osbTgadebff versus Resource Changes

Caltrans Labor Surcharge and Equipment Rental Rates 2818anual was used to calculate

the additional cost growth ligking into account the unit price ariation 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
theyear 201814 is 12percentfor regular time and 1fiercentffor 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 wasded. 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, arficbight rates. The following unit prices are some examples of major
resources from the latest version of the manual publish2d13:

A Truck: $88.70 with overtime rate of 0.86

A Paver: $139.67 with overtime rate of 0.88

A Milling machine: $413.38 with ovérhe rate of 0.90
A Batch plant: $688.00 with overtime rate of Q.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 worl@&rempensation, social security, fringe
benefits, federal unemployment, state unemployment, and state training taxes (Caltrans 2013).
The published surcharge rates for year 2012 were 12 percentdarrigne 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.

A

Contractor &8s expect e$thour)ommbergpfaddtional resourees i t pr i c
labor surcharge rate< working hours per day days needed to complete the propect
overtime ratex number of shifts overhead cost (15%) (1)

The initial CAC rates were quantified based on EqudtignTables 1013 presenthe

cont r acosttrédsoff datamreated 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.

Cont r ac-CostTradeoff Dataniar JPCP,

Time-cost tradeoff versus additional resource usage

St . Cross-section | Construction 5% 15% 2504
rategies : .
profile window Schedule Cost Schedule Cost Schedule Cost
Compression| Growth Compression | Growth | Compression| Growth
Nighttime 4.80 0.40 12.19 1.21 17.62 2.01
g" 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
Nighttime 5.10 0.42 12.96 1.22 18.72 2.01
IPCP 10" 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
Nighttime 5.07 0.43 12.90 1.24 18.63 2.00
12" with Weekend 5.08 0.56 12.89 1.38 18.61 1.49
6" ACB Extended 9.06 0.74 16.64 1.56 22.18 1.82
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Table 11.

Cont r ac-CostMradeoff Dataniar CRCP.

Time-cost tradeoff versus additional resource usage

Strateqi Crotgs Construction 5% 15% 25%
rategies S?gﬁllcé n window Schedule Cost Schedule Cost Schedule Cost
P Compression  Growth Compression  Growth Compression  Growth
Nighttime 1.79 0.16 492 0.48 7.99 1.11
g" 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
Nighttime 1.43 1.25 3.90 0.38 5.99 2.76
CRCP 10° 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
Nighttime 1.80 0.45 4.92 0.57 7.55 2.89
13" with Weekend 4.46 0.67 7.95 0.45 12.35 3.06
3" ACB Extended 3.80 0.89 4.98 1.56 9.51 4.13
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Table 12.

Cont r ac-CostTradeoff Datanfar HMA.

Cross

Time-cost tradeoff versus additional resource usage

. . Construction 5% 15% 25%
Strategies section :
profile window Schedule Cost Schedule Cost Schedule Cost
Compression Growth | Compression Growth | Compression Growth
Nighttime 4.78 0.42 13.04 1.27 15.22 2.12
g" 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
HMA
(S"g‘;'\fﬁ]”ggous Nighttime 4.58 4.00 13.59 1.32 20.39 2.84
10" 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
Nighttime 7.11 0.62 14.96 1.46 17.39 2.43
g" 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
HMA
(Pre-paving) Nighttime 5.08 4.44 13.34 1.29 16.22 2.26
10" 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.

Cont r ac-CostTradeoff Datania MACO .

Cross Time-cost tradeoff versus additional resource usage
Strategies section Construcﬂon 5% 15% 25%
profile window Schedule Cost Schedule Cost Schedule Cost
Compressionn Growth | Compression Growth | Compression Growth
Nighttime 1.81 0.79 5.42 2.61 7.98 3.35
4 Weekend 1.86 0.96 5.54 3.23 8.32 3.87
MACO Extended 1.84 0.93 5.58 2.99 8.34 3.99
(S"g‘;'\fﬁ]”‘ious Nighttime 1.74 0.77 5.20 251 8.05 3.65
g 6" 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
Nighttime 2.14 0.94 5.12 2.47 8.23 4.32
4 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
MACO
(Pre-paving) Nighttime 474 2.09 13.01 4.67 19.95 10.46
6" 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




523 Model i ng Con t-Qost Tradeoff Bffect Ti me

A well-known tradeoff effect exists between construction cost and schedulEighse 11

shows, there is a normal point beyond the tradeoff between cost and schedule. For example, to
shorten the duration of (@ t)parcantfraetar would peeddaoss mu c h
make an additional C 0pd0tq). €he additiomahceshincreasd for(pC ( f r o
shortening construction time involves a direct cost increase covering the use of (1) extra crews
(regular plus overtime) and equipment, (2) fasktting materials, and (3) adoption of methods

to expedite delivery of ewstruction materials.

A

Cost

Ci}i 8
Incentive

Ordinary schedule

>
t; cpr Time

Figure 11. Time-Cost Tradeoff Effect in Theory (adapted from Shr and Chen 204).

to

Meanwhile, a delay in the project schedule from the normal point also increases the project cost

due largely to increased imect costs, such as office overhead, overtime payments, running

rental equipment longer than originally contracted, etc. (Plummer et al. T9@2plots in

Figure 12that are based dime-cost tradeoff data (TablesilD3)illustratec ont r act or s6 c G
growth as a function of reduced construction tithean be observed from the plots that there is
aconspicuousradeo f f r el ati onship between scheadlel e and
projected using the following quadratic regression equation

Costo+=bAi melTimey b 2)
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Figure 12. Time-Cost Tradeoff Curves

Table 14 shows that the quadratic e.guabotoi on of
each pavement strateggylarge enough. (The correspondingglueis less tha®.001) The

estimated regression coefficients in Table 14 indicate that schedule compression results in an
increase in project cost.
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