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With the increase of the number, duration, and sadpmaintenance projects on the
national highway system, transportation agencies faeat challenges in developing
effective comprehensive work zone management pddnish minimize the negative

impacts on road users and workers. The types ohter@ance operation, timing,

duration, configuration, and user impact mitigatstrategies are major considerations
in developing work zone management plans. Soméaxfet decisions may not only
affect road users during the maintenance phasalbathave significant impacts on

pavement serviceability in future years.

This dissertation proposes a systematic methodologyointly optimizing critical
work zone decisions, based on analytical and sitonlanodels developed to estimate
short-term impacts during the maintenance perigds lang-term impacts over the

pavement life cycle.



The dissertation starts by modeling the effectslifiéerent work zone decisions on
agency and user costs during the maintenance phasmalytic one-time work zone
cost model is then formulated based on simulatialyais results. Next, a short-term
work zone decision optimization model is developedind the best combination of
lane closure and traffic control strategies whiah minimize the one-time work zone
cost. Considering the complex and combinatorialmadf this optimization problem, a
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zone decisions with the objective of maximizingtesffectiveness. Case studies are
conducted to test the performance of the proposstiods and develop guidelines for

development of work zone management plans.
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Chapter 1 Introduction

Chapter 1 provides a concise profile of this disg&m, describing the motivation for
this research, stating the research problem, ardribeng the technical approaches
proposed to accomplish the research goal. The maj#on of the dissertation is

presented at the end of this chapter.

1.1 Research Motivation

The prosperity and economic growth experiencetiériinited States during the 1990s
contributed to an increase in demand for many modesirface travel. However, a

significant fraction of the nation’s current highywsystem has been in poor, mediocre,
or fair condition TRB NCHRP 330, 2004The deterioration of the national highway
system severely affected wear-and-tear on vehiéles, consumption, travel time,

congestion, comfort and public safety. To sustaghways in a safe and usable
condition, state and federal transportation agendiave increased the number,

duration, and scope of maintenance activities cemeyears.

Since conducting maintenance work in work zonesaligueduces the available
roadway capacity and thus forms traffic bottlenetate and federal transportation
agencies are facing great challenges in completingintenance projects efficiently
and economically while also maintaining work zonafety and mobility and
minimizing the traffic disruption. To accommodateese needs, there is currently a
rising trend of encouraging construction engineteadfic engineers, safety experts and
other technical specialists to work together onetlgying a comprehensive work zone

management plan in the early planning stage¢WA, 200%. The timing, duration of



work, lane closure configuration, traffic managemestrategies and type of

construction operation are major considerationgeiveloping a successful work zone
management plan. Most of these decisions only affgency and road user cost over
construction phase and therefore are consideregh@s-term work zone decisions.

There are also so-called long-term decisions, @agltonstruction operation type,
whose impact on pavement serviceability in theritgears should not be neglected.
Consequently life-cycle cost analysis is requiredhe decision making process if

long-term decisions are involved.

While traffic varies by day of week and time of dapd numerous candidate
transportation management strategies exist, itcisallenging task to design the most
appropriate work zone management plan and poorsidesi can be quite costly.
Although the comparison of several competing aétBwes is widely used to solve this
problem in practice, it becomes an inefficient @agh when the scale and complexity
of the project increase. To ease designer’s waall ks well as improve the decision
making process, extensive researches have beemaeddon the development of
optimization tools which can automatically expléigh-quality work zone plans. In
previous studies, the selection or optimizationsbért-term decisions and that of
long-term ones are relatively separate. The former mainly explored in the
traditional traffic management area and the lattamstitute a popular topic in the
pavement management field. Although the above measscan be highly interrelated,
few comprehensive methodologies have been develapbkuhd the optimizations of
those two kinds of work zone decisions in one amafyamework. It is worthwhile to

develop appropriate work zone analysis tools whdah aid highway agencies in



developing cost-effective highway maintenance drabditation plans, especially

when both types of decisions are made jointly i@ comprehensive management plan.

1.2 Problem Satement

The general work zone decision optimization probtgudied in this dissertation can

be defined as the follows:

Aroad section with the lengthand the number of lanééis required to be maintained
within the time periodTs, Te]. Given necessary project data, geometric daadfjdr

data, and a set of candidate work zone impact atitig strategies, decision makers
seek to design the most cost-effective work zoneagament plan which can provide

appropriate answers to the following questions:

(1) Which maintenance intensity level should be chggeg. overlay thickness) in
order to obtain an economical durability level?

(2) What is the optimal resurfacing frequency and resimg time intervals?

(3) How should the road section be divided into workes# How long and wide
should each work zone be?

(4) Atwhat times should the lanes in each work zoneldied and reopened to traffic
under time-varying traffic inflows?

(5) What traffic impact mitigation strategies, suchaaselerated work, detours and
temporary traffic control measures, should be imaeted in the maintenance

project?

When all decisions taken into account only havepimary impacts during the

maintenance phase, the best work zone managenanisptiefined as the one that



minimizes the one-time total cosC)( consisting of the monetary expense that
transportation agencies spent on performing thateaance work@,) and the added

cost to roadway users resulting from maintenanteityc(Cy).

When pavement strategies which may yield dissinpéarement performance levels in
the future years are considered, a work zone mamagfeplan has to be evaluated from
a long-term point of view. The optimal plan is tbee which achieves the highest
Cost-Effectiveness IndexCEl). The value of CEl is calculated based on the titsne
received by users and the cost to provide thosefiberover the life cycle of the

maintained pavement.

1.3 Research Objectives

With a great variety of candidate work zone managgndesign options, highway
agencies face the tasks of choosing the most apategombination which can obtain
the desired results effectively and economicallghdugh the comparison of several
competing alternatives based on subjective engimpeudgment is widely used to
solve this problem, it becomes an inefficient apptowhen the scale and complexity
of the project increase. To ease highway agenwiesk load as well as improve the
above decision making process in early planningestathis dissertation aims to
develop a systematic decision aid tool which cdagrate short-term and long-term
work zone decisions into one comprehensive optitimzaramework. The proposed
methodology focuses on maintenance projects fortiptedlane highways under

time-dependent inflows in a network with possibketadirs. This research should



provide a comprehensive decision support tool dapabevaluating different work

zone management plans as well as automaticallgtsegrfor high quality solutions.

The decision support tool will include two maintana plan evaluation models:

(1) The model for evaluating short-term impacts of woske decisions, measured by
one-time total cost(y);
(2) The model for evaluating long-term impacts of wetke decisions, measured by

the Cost-Effectiveness Index (CEI).

Consequently, two optimization models will be fotatad based on the type of work

zone plan decisions to be optimized:

(1) The mathematical model to optimize short-term dent

(2) The mathematical model to jointly optimize shorteand long-term decisions.

A computationally efficient solution search methedll be developed to find

satisfactory solutions to the optimization problem.

1.4 Research Methodology

This research starts from identifying critical d@ans that transportation agencies need
to make during the development of a work zone memamt plan. Cost assessment
models are then formulated as functions of reledacision variables for calculating
agency costs Qn) and user costsC() associated with performing highway

maintenance.



The agency cost is the expense of suppliers om#ietenance of a highway segment
or network within the study scope during the analyseriod. The agency costs
considered in this study include maintenance €@g}, traffic mitigation cos{Cs), and
equipment/labor idling cost) required to perform maintenance as well as annual
routine maintenance costi(y) over the performance life of the newly maintained
pavement. The user cost consists of user delay€gstadded vehicle operating cost
(Cv) and expected accident cosig] resulting from traffic disruption caused by
maintenance activity. Long-term user vehicle opegatosts under normal conditions
are not directly considered in the study due to diféculty of establishing and
calibrating models relating this cost componenhwidavement conditions. User delay
cost plays a key role in user costs. Two approaalegmployed to estimate the user
delay costs. One is a simulation approach, whioks USORSIM, a commercial
simulation program, to simulate work zone condgiothe other is an analytical

method, several parts of which are derived fromugation results.

Since different measures of effectiveness (MOEs)umed to evaluate a work zone
management plan depending on whether or not lomg-pavement decisions (e.qg.,
type of maintenance and overly thickness) are waal two kinds of optimization
models are developed. If only considering shomtémpacts during maintenance
phase, the work zone management optimization pmobie formulated as a
minimization problem of finding feasible solutioti&t obtain the least one-time work
zone total cost(y), which is the sum of work zone agency co€lg) @nd user costs
(Cu). When long-term impacts over the pavement lifeleyare used as MOE, a

maximization problem is formulated with the objeeti of maximizing the



Cost-Effectiveness Index, which is the ratio ofdeéffveness Index (El) quantifying
user benefits and Cost Index (Cl) quantifying ldgcle cost. The estimation of
Effectiveness Index (El) is based on a determmsivement performance model. The
optimization problems are subject to a series akvwzone operation and traffic impact
constraints (e.g. project deadline, maximum acddptqueue length). The objective

functions are expressed in Eq. 1-1 and Eq. 1-2revisbort-term and long-term
decision variables are denoted B, and X, respectively.

Short-term Work Zone Optimization M odel

Min CT(XS) :CA(XS)"'CU (Xs) Eq. 1-1

s.t. (1) work zone operation constraints
(2) traffic impact constraints

L ong-term Work Zone Optimization M odel

v Eqg. 1-2
Max  CEI(X.,X,)=—HX) !
CI(Xs, X\)
s.t. (1) work zone operation constraints
(2) traffic impact constraints
where, El =Effectiveness Index quantifying user benefits;

Cl = Cost Index quantifying Life cycle cost.
All the cost components of tl@&-andCEI considered in this study are listed in Figure

1-1. The analysis framework is illustrated in Fgar2.
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Figure 1-2 Analysis framework

When the user cost is obtained from the analytithote for time-dependent traffic
inflows, the complex and combinatorial nature @& thathematical formulation of the
objective functions precludes conventional anafyteolution algorithms. When the
simulation method is used, there is no closed-fexpression for the objective
functions. Therefore, a heuristic optimization aitfon will be developed to search the
solution space and find an optimized solution ®work zone decision optimization

problem.

Since optimization based on simulation is very ttnaesuming, two approaches will
be applied to speed up the optimizing search psoaden the simulation is used to
evaluate the objective function. One is a hybrgbathm that will pre-optimize the

decision variables analytically before performiig bptimization based on detailed



simulation. The other is parallel computing whiclstabutes objective function

evaluation tasks to multiple processors.

1.5 Organization of Dissertation

To achieve the above research purposes, this @iearwill consist of the following
seven chapters. The interrelations among thesetersaand their development

sequence are shown in Figure 1-3. The focus of elaapter is detailed below.

Chapter 1, “Introduction,” presents background iinfation, research objectives, and

the technical approach used in this research.

Chapter 2, “Literature Review,” focuses on reviegviresearch performed in the
previous twenty years that is considered to bevagleto the project objectives. Based

on the review results, the potential contributiohghis research work are addressed.

Chapter 3, “One-Time Work Zone Cost Model,” desesileritical short-term work
zone decisions faced by the decision makers. Aigalytnodels are developed to
estimate the one-time total cost associated witfopaing maintenance work on a

road section in a simplified network.

Chapter 4, “Optimization of Short-term Decisionssé@ on Analytic Model,”
formulates the work zone decision optimization madasidering short-term impacts.
The one-time work zone cost, as the minimizatioredtive, is evaluated with the
analytical model developed in Chapter 3. A heurisiptimization algorithm called
two-stage modified simulated annealing (2PBSA)egadoped to solve the work zone

optimization problem.
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In Chapter 5, “Optimization of Short-term Decisidresed on Simulation,” short-term
decisions are optimized with the one-time totak @sluated by simulation. A hybrid
methodology, in which both the analytic model ané simulation model are used to
evaluate the total cost, is developed to speechemptimization process. A parallel
computing technique is also applied to further oedthe computational time of

simulation-based optimization.

Chapter 6, “Joint Optimization of Short-term andhigeterm Decisions,” presents the
formulation of a Cost-Effectiveness Index used wasure the performance of work
zone management plans with long-term impacts. Atinopation framework is

developed to jointly optimize short-term and loegrt work zone decisions with the

objective of maximizing the Cost-Effectiveness knde

The conclusions, research contribution and recond@i@ans for future studies will be

summarized in Chapter 7.
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OBJECTIVE
Develop a comprehensive evaluation and optimization tool
for work zone decisions makers

Chapter 1
Introduction

)

Chapter 2
Literature Review

|

Chapter 3
One Time Work Zone Cost Model

A A4

Chapter 4 Chapter 5
Optimization of Short-term Decisions Based Optimization of Short-term Decisions Based
on Analytical Model on Simulation
|
Chapter 6

Jointly Optimization of Short-term and Long-
term Decisions

I

Chapter 7
Conclusions and Future Studies

Figure 1-3 Organization of the Dissertation
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Chapter 2 Literature Review

The purpose of this chapter is to concisely review #levant literature on the
operation, management and optimization of highway maintenabhis chapter is
organized into five main parts: (1) maintenance operaiod management, (2)
maintenance cost estimation, (3) work zone delay estimaf@nlong-term and

short-term decision optimization, and (5) simulation-baseitnagztion.

The first step in developing an optimization model is to iderddgision variables.
Thus it is important to know the critical issues in roachaggng agencies’ decision
making process during the plan and implement of highmaintenance activities.

Those issues will be discussed in the first section ottiapter.

The concept of “optimal” decisions closely linked to therfats of cost-effectiveness
indicators. The most common are Net Present Value (NP¢)npkawa et al., 2006
the total costlamlouk et al., 2000; Elbehairy et al., 2006; Chen &utionfeld; 2007
the Benefit Cost Ratio (B/C)TRB NCHRP 523, 2004; Pasupathy, 2p@r some
specific index lohammadi et al., 1995; Bosurgi and Trifiro, 200 this dissertation,
the long-term or short-term total cost, with additive functien considered the
appropriate economic efficiency indicator of choice beeathis research aims at
evaluating project-level alternatives that result in equalfiisfrit entail unequal costs.
Therefore, state-of-art of the maintenance cost assassnethods are presented in the
second section. As an important cost component in tinily,sthe work on estimating

work zone user delay costs are reviewed in the thiribsec
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It is natural for researchers to relate the design of maintenplans or the selection of
maintenance alternatives with the cost-effectiveness evaluhtiongh optimization
methods. Previously completed work on this topic are wedeand assessed in the

fourth section.

Since the proposed optimization model is designed to usdatiom as a tool for
analyzing traffic impact, the literature search also inclugscs relevant to the
optimization based on simulation. The fifth section presentéiridlengs relevant to

such optimization.

2.1 Operation and M anagement of M aintenance Wor k

2.1.1 De€finition of Maintenance

There is a wide divergence amongst the professiomahtmities and the general
public on the precise scope and definition of “maintenanoepractice, the dividing
line between maintenance and rehabilitation is particularlyrddu For some
professionals, maintenance means only relatively lost-teatments helping slow the
rate of deterioration by identifying and addressing speg#ieement deficiencies (e.qg.,
seal coats, cracking sealing, patching, joint sealing, ggnadnilling, and grooving);
more aggressive action of repairing portions of an exigtiagement to reset the
deterioration process (e.g., overlay, removing and reygaihe wearing course) is
termed “rehabilitation” or “reconstructionMuench, 2003; TRB NCHRP 330, 2004,

Simpson and Thompson, 2006

14



In this study, maintenance is defined as “set of actividgaired to keep a component,
system, infrastructure asset, or facility functioning as it aréginally designed and
constructed to function’Hudson et al., 1997 Treatment approaches with different
work intensities, including preservation, rehabilitation, regton and reconstruction,
can all fall under this general definition of maintenance. nidégiance may be

preventive or corrective, as well as routine or major, pldmneeactive TAC, 1997

2.1.2 Highway Maintenance M anagement

Making effective decisions about highway maintenanceuires| appropriate
management, which means ensuring that proper maintetraat@ent is applied at the
proper time in the correct place over a planning hori@irlaherty, 2003. The
decision-making process must take a long-term view ofdbeamic life of a highway

section, reflecting the transportation agency’s long-tespaesibility.

The management of highway maintenance is a complex sgoeéhich has been
described and developed at two levels: network and projeetsleMetwork-level
analysis deals with the network as a whole and is giyeomcerned with high-level
decisions relating to network-wide planning, policy, projeirgization, and resource
allocation. Project-level analysis mainly involves the eatduwn of competing
alternatives for constituent sections within the roadway né&twoaims at finding the
optimal strategy that achieves the maximum econo@gbdy, 2008 Since the
research undertaken in this dissertation targets the optioniz of maintenance
decision at project-level, the literature search focusessues in the project-level

analysis.
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An important project-level maintenance decision is to shoappropriate work
intensities, materials, and techniques, for preserving amowephe roadway’s service
level in a cost-effective way. Work intensity options é@nminor maintenance, major
maintenance, minor rehabilitation, major rehabilitation and gaaction, which will
result in different reset pavement condition and durabikigure 2-1). Material,
technique and other detailed options can also be coadideor instance, the overlay
thickness should be determined when Asphalt Concrete ¢&€)ay is selected as the

rehabilitation method for a roadway section.
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Figure 2-1 Effects of Maintenance Activities on the Pavement Condition (WSDOT, 1995)
Coupled with selecting maintenance options, determining thmgirto program

maintenance actives is another critical long-term decisiomb&kt way to preserve the
road condition is by restoring the pavement to its originalditimm every year.
However, its cost is substantial and not affordable fggnaies considering traffic
disturbances and budget limitations. Another extreme iséahe road to the fullest
extent without performing any periodic maintenance, leading freequent

reconstructions within the analysis period. This option alsolteegn unacceptable
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overall cost as reconstruction is quite expensive. Therefthre cost-effective

scheduling of pavement maintenance is required.

2.1.3 Work Zone M anagement

A work zone is defined in the Highway Capacity Manuaba area of a highway in
which maintenance and construction operations are tgkaog that impinges on the
number of lanes available to traffic and affect the dpmral characteristics of traffic
flowing through the arealRB, 200 The short-term impact caused by maintenance
work depends on the characteristics of the work zonesthea highway traffic
conditions. Work zone characteristics of concern includsh gactors as work zone
length, number and capacity of lanes open, duratidarg closures, timing of lane

closures, posted speed, and the availability of alternatiteso

Work zone length is an important issue that has belatively neglected. In general,
longer zones tend to increase the user delays, but divgemance activities can be
performed more efficiently (i.e., with fewer repeateuigs) in longer zones¢honfeld
and Chien, 1999 In practice, such lengths have been usually designestiuce costs

to highway agencies rather than users.

The lane closure type is one of the major factors whiiglttathe vehicle capacity in
work zones and it also affects agency costs to a coabidetlegree. There are three
main lane closure types for work zones: partial lane obduwll lane closure and
crossoverRal and Sinha, 1996In a partial lane closure one or more lanes are closed
in one or both directions, but not all the lanes in one direatierclosed simultaneously.

Traffic cones, drums, or concrete barriers are ts@&tbse the lanes, and maintenance
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and rehabilitation activities are performed on the closedldnaring full road closure,
traffic is detoured, allowing full access to roadway facilitidader the appropriate
conditions, a full closure can be an effective way dmplete projects with shorter
duration and less safety risks. Departments of Trangmortan Oregon, Kentucky,
Michigan, Ohio, Washington, and Delaware have expegienaising a full closure
approach to conduct road rehabilitation/reconstruction @j&HWA-OP-04-009,
2003. In a crossover arrangement, the traffic that nogmales the roadway is crossed
over the median and two-way traffic is maintained on the atiter of the roadway
(Jiang, 1999. Successful crossover operation can fully utilize gmaining capacity
in the opposite direction. In addition, in a crossover ldnsuce strategy sufficient
working spaces are available, which may improve thetgadf the workers and
increase their productivity as well as the quality of theirkwélowever, due to the
additional cost of constructing the crossover facility (eancrete barriers), the fixed
set up cost in cases of crossover is always higheihzases of partial lane closure at
sites. It is noted that sometimes closed lanes may includalyanaintained lanes, but
also additional lanes which are used to provide acceasddrom the work site for
maintenance and construction vehicles or provide buffecesto separate traffic and

work sites from safety consideration.

Since travel demands are time-varying, work zone schefuln greatly affect the

traffic impact caused by lane closures. Work zones bmrcategorized into three
designations: (1) short-term sites, at which maintenanck lasts less than one day
(24 hours) Jiang, 2003; (2) intermediate sites, at which work lasts over one day b

less than four days; (3) long-term sites, at which work lasise than four days
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(Rouphail et. al., 1988 Unlike in long-term projects which continuously occupg

road space for several days or months, short term dednediate work zones are
often limited to the time defined in some construction wimglce.g. off-peak daytime,
nighttime periods, or weekend periods, in order to attwédhigher volume daytime

hours and associated traffic delays.

With the rapidly increasing traffic demand, many higljwagencies are under
increased pressure to accelerate project completion fogatnitg the public’s
dissatisfaction of the construction speed and traffic coigestlevant to work zones.
As a result, nontraditional innovations and technologiegedipg up the maintenance
operations are gaining transportation engineers’ andnasers’ attention. Addition to
economic measures (e.g. lane rental, contract incentiveeigive and cost (A) and
time (B) bidding), work zone management measures, ftanaos, use of longer lane
closure durations, are also among those technologies, fie expansion of typical
metropolitan peak-period congestion levels from 2-3 hdaily in the early 1980s to
5-6 hours daily today is resulting in a smaller windowmgartunity for contractors to
perform roadwork without impacting peak period traffic flg#HWA, 2003. Second,
the frequent mobilization and shutdowns required of thetagri®n process inhibit
the productivity of short-term closurelgm et al., 1999 Third, due to less careful
construction, less curing time for materials and additioaakt/erse joints, short-term
lane closures may lead to poor construction quality wimdoirn, may affect pavement

life expectancy and pavement service le@gr(nkel, 1993; Lee and Thomas, 207
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2.2 Maintenance Cost Estimation

All new construction, reconstruction, rehabilitation and maimteagrojects should
employ some level of economic evaluation to determine thecuosseffective method
and timing. Life cycle cost analysis (LCCA) is an ecoimamalysis tool that compares
costs attributable to maintenance actions over a specifieapartime in selecting
optimal projects or implementation alternatives. One or rtiwgse costs are usually
summed over time by discounting all costs that occur &trdiit times using the
present worth method to account for the time value afieyioEither a total present

worth or an annualized cost can be considered a®#gieffectiveness indicator.

2.2.1 LifeCycle Cost

The costs can be classified into two categories: (1) agaosty; (2) user costs, and (3)

societal cost.

Agency costs include all costs incurred directly by tgenay over the life of the
project or a specific planning period. Taking a long-terew, agency costs typically
include initial construction cost, future maintenance cosil #he associated
administrative cost. In work zone analysis, agency costthase expenses required to
finish the maintenance activities based on the work typdsosél normally include
labor costs, equipment costs, material costs, traffic dootsis, and administration
costs. Underwood1094 analyzed the work duration and the maintenance cost per
10,000 m for five different roadway maintenance activities (i.erfae dressing,

asphalt surface, porous asphalt, 10% patching, and midirty The average
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maintenance costs were calculated based on prices qubligtwamy authorities in the

summer of 1993.

User costs are the delay, vehicle operating, and acdjd@sh) costs incurred by the
users of a facility during the construction, maintenancesardyday use of a roadway
section Najafi and Soares, 2001 There are user costs associated with normal
operations and work zone operations. The normal tpereategory reflects highway
user costs associated with using a facility during penatteout work zone activities.
User costs in this category are usually functions ofpneement performance. User
costs in work zone operations category reflects highway cssts associated with
using a facility during periods with work zones that resthetcapacity of the facility

and disrupt normal traffic flowalls Il and Smith, 1998

2.2.2 Work Zone User Costs

Work zone user costs receive great attention in wank amalysis because they tend to
dominate other costs and because community concernseaations to work zone

activities affect many aspects of work zone decisions.

Work zone user delay costs result from increasesveltime through the work zone
from speed reduction, congestion delays, or increasechcestas a result of taking a
detour FHWA, 1989. Typically, the delay cost can be determined bitiplying the

user delay by the value of user timg(ls 11l and Smith, 1998 Studies on user delay

estimation will be introduced in the next subsection.

Vehicle operating costs are the costs associated with owmpgrating, and

maintaining a vehicle including: fuel consumption, tire weaintenance and repair,
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and so on. Many factors such as vehicle characterigébg;le speed, road geometrics,
road surface type and condition, environmental factars affect vehicle operating
costs. Vehicle operating costs can be formulated emiyricat mechanistically,
deterministically or probabilistically. In many studies, véhioperating costs were
formulated using classical regression analysis of hisiafarmation or simulation

results Booz Allen & Hamilton, 1999; Berthelot et. al.., 1996; &ggat et.al., 2000

Accident (crash) costs are related to the historical ash vehicle miles of travel,
delay, work zone configuration, and average cost @shciCrash rates are commonly
specified as crashes per 100 million vehicle miles of tré@0 M VMT). Overall
crash rates for the various functional classes of ropdwa fairly well established.
Crash rates for work zones, however, are not easstimate due to the limited amount
of data and the variety of work zone types. McCoy .gtl&80 found the average rate
was 30.8 crashes per 100 million vehicle miles (acc/100 )norm-80 in Nebraska
between 1978 and 1984. Pigman and Ag&a®() found that the work zone crash rate
varied from 36 to 1,603acc/100 mvm on different highsvhgsed on the crash data
collected from the Kentucky Accident Reporting System (KAR®)Xhe 1983-1986
periods. Chien and Schonfel@001) determined work zone crash cost from the
product of the number of crashes per 100 million vehioler$r multiplied by the the

increasing delay, and the average cost per crash.

2.3 Work Zone Delay Estimation
The delays related to work zones can be classified inéocfegoriesJ{ang, 1999;

NJDOT, 200): (1) deceleration delay by vehicle deceleration beémtering a work
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zone, (2) moving delay by vehicles passing through worles with lower speed, (3)
acceleration delay by vehicle acceleration after exitingkveone, (4) queuing delay
caused by the ratio of vehicle arrival and discharge rared (5) Detour Delay by the

additional time necessary to traveling the excess distaaaetbur imposes.

Over the years a number of manual and computerizedages have been developed
for estimating the work zone delayd¢Coy and Peterson, 1987; Schonfeld and Chien,
1999; Venugopal and Tarko, 2000; Chien and Schon2€ld1; and Chien et al., 2002;

etc).

2.3.1 Analytic Method

2.3.1.1 Delay Models

Two well-known methods are widely used to analyze queuelays caused by
bottleneck: (1) the deterministic queuing modéisraham and Wang, 1981; Dudek
and Rechard, 1982; Morales, 1986; Schonfeld and i§h®99 and (2) the shock

wave modelsRichard, 1956; Wirasinghe, 1978; Al-Deek et al., 1998;).

The deterministic queuing analysis is recommended bylitfirevay Capacity Manual
(HCM) as the standard delay estimation technique fonfigezonesTRB, 200D It
is essentially a graphical procedure using a determinisgaiqg diagram with the

x-coordinate as time and the y-coordinate as the cumulatinder of vehicles.

In the shockwave model, the traffic flow is assumed toabe like a fluid, and a

backward shock wave develops when demand exceedsigaf his model is often
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used to estimate incident congestion. However, the shagk speed is approximated

based on traffic density, which is often difficult to measurestimate.

2.3.1.2 Computerized Software

QUEWZ and QUICKZONE are the most used software packé&geestimation of
queue lengths and delays in work zones. Both of trefsgase packages model traffic

flow at a macroscopic level.

The computer model, called Queue and User Cost EvaluztMork Zone (QUEW?Z),
was developed by Memmott and Dudél§4 to assess work zone user costs. The
most recent upgrade version is QUEWZ-98. It analyz#idiconditions on a freeway
segment with and without a lane closure in place and pwdtimates of the
additional road user costs and of the queuing resultorg & work zone lane closure.
The road user costs calculated include travel time, \ebérating costs, and excess
emissions. That model does not consider any alternatexpdtthe effect of diverting

traffic to it.

QuickZone is a work zone delay estimation program devdlapéMicrosoft Excel.
The primary functions of QuickZone include quantificatiércarridor delay resulting
from capacity decreases in work zones, identificatiodeddly impacts of alternative
project phasing plans, supporting tradeoff analyses dstveconstruction costs and
delay costs, examination of impacts of construction stagytpcation along mainline,
time of day (peak vs. off-peak) or season, and asssgf travel demand measures
and other delay mitigation strategies. The costs can be &tfirftat both an average

day of work and for the whole life cycle of construntidhe Maryland State Highway

24



Administration and the University of MarylandKi(n and Lovell, 200 used
QuickZone's open source code to customize the programeet the State's needs. The
University has added its own capacity estimation model tpribgram and has used a
24-hour traffic count, instead of the average dailfficraount found in original version.
However, this program requires the users to input at gieal of information
concerning a particular project, which may discourage ppécation of the software.
To use the QuickZone program the user must first creasédveork of traffic facilities

and then input hourly traffic volumes and capacities ohalllinks.

However, neither QUEWZ nor QuickZone has the functioopifmizing work zone

management plans.

2.3.2 Simulation

Although the concept of deterministic queuing model is widatcepted by
practitioners for estimating queuing delay, the delay isalbsuunderestimated
(Mcshane and Ross, 1992; Nam and Drew, 1998; Chieth €2002; Najafi and Soares,
2001 due to the neglected approaching and shock-wave d8egsles, for a complex

road network, analytical methods may not estimate usaysigrecisely.

As valuable analysis tools, microscopic traffic simulatiordels have been applied in
various problems in work zone studies, such as the eiaiuait traffic management
plans, estimation of capacity and queue length, and optionizaf traffic controls

(Nemeth and Rathi, 1985; Cohen and Clark, 1987; Chneh@howdhury, 1998; Maze

and Kamyab, 1999; Schrock and Maze, 2000; Lee, Kiah ldarvey, 2005; etg.
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CORSIM (including NETSIM and FRESIM), VISSIM, PARAME and

INTERGRATION are among the most widely used microscepiwlation models.

Simulation models can output different measures of effe@ssI(MOE’s). In work
zone analysis, delay, travel time, speed and volumefragpiently used MOEs.
However, simulation can be quite costly in terms of bothmaer and analysis time.
Advanced computer and parallel processing techniquelecareful in decreasing the
simulation time. The combination of analytic method and simulatiethod is also
explored. Chien and Chowdhur3000 developed a method to approximate delays by
integrating limited amounts of simulation data and the concépeterministic
queuing model. In their study, simulation is applied to edgnaverage queuing delay

with various ratios of entry volume to work zone capacity

Only a few studies have been performed to date to valitee use of simulation

models for work zone applications.

Dixon et al. {995 evaluated the suitability of FRESIM for a simple freeviaye
closure by comparing simulated behavior to the observea/mtof a study site. They
concluded that FRESIM provided similar results to thosergbdean the field for low

volume conditions. However, high volume conditions wereatcurately simulated.

Middleton and Coonerl@99 evaluated three simulation models, CORSIM, FREQ and
INTEGRATION, for simulating congested freeways. The calion and validation
performances of those models were tested using datatedllen Dallas freeways.
They concluded that all three models performed relativellf fee uncongested

conditions; however, the performance became sporadicnaelly unreliable for
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congested conditions. Among those three models, CORSId1the best overall

performance, compared with the other two models.

Chitturi and BenekohalPQ03 compared the queue length measured from field data to
the results from FRESIM, QUEWZ, and QuickZone Softwaieey found that the
results generated by QUEWZ did not match the field data. SHREeither
underestimated or overestimated the queue lengths. QuiekZgenerally

underestimated the queue lengths generally.

2.4 Maintenance Decison Optimization

2.4.1 Long-term Maintenance Decision Optimization

Optimization based on mathematical programming models haredmnmonly used
as aids in long-term project-level maintenance decision-makingingle-year or

multiyear prioritization. A variety of variables affecting tiperformance, safety,
service, and cost of roadway sections can be optimizdor without considering

various constraints such as acceptable condition constrairiuaiget constraint. One
of the most popular issues is the problem of determittiegoptimal intensity (e.g.
overlay thickness) and frequency (timing) of the pavemeraintenance and

rehabilitation (M&R) activities.

Mohammadi et al.1995 optimized time intervals between M&R activities with the
object of maximizing the value index similar to benefit/cosio. In this study
deterioration model is simplified as a linear function. A semgtumeration method is
applied to search the optimal solution. A similar methodologytisduced in NCHRP

Report 523 2004 for determining the optimal timing for applying preventive
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maintenance treatments to highway pavement based on anihtdc parabolic
deterioration model. The best timing scenario providing l#igest B/C ratio is
achieved by comparing several candidate time scen&tmsever, it is unrealistic to
use enumeration or comparison of all feasible solutiorechieve a global optimal
solution especially when variable domains are continu@ug. timing). Many
researchers formulated the optimization of M&R profilel diming as an optimal
control problem and solved it by dynamic programming)((fernandez and Friesz,
1981; Markow and Balta, 1985; Markow et al. 1993; Tskawa and Schofer, 1994;
Mamlouk et al., 2000 The optimal control formulation results in a complex
combinatorial optimization problem, which is generally knaw be computationally
intractable. The DP algorithm can achieve optimal solutnst suffers from rigidity
and inability to handle large-scale problems. Li and Madé@2 formulated the
problem of optimizing the frequency and intensity of graent resurfacing under
steady-state conditions for the case of deterministic Markodeterioration and
rehabilitation-only policy. They concluded that the optintehtegy is to undertake
resurfacing upon reaching state-basetiresholds, which is the same as using
time-based thresholds when the deterioration pattern is deterministic. Ebeity
removes the need to solve the problem as an optimabt@ntblem. Although their
objective functions are easy to understand, it is haedpoess the solution in a simple
analytical form. Thus they proposed to use a nunewey to solve optimization
problem by trial and error. Tsunokawa et 206 presented the use of two numerical

optimization methods, the steepest gradient algorithm anddhpigate gradient

1 State-based thresholds: The M&R activities aresuiatten when a threshold value of level of serisaeached.
2 Time-based thresholds: The M&R activities are utaden after pre-defined periods of infrastrucusage.
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method, with what-if models to find the optimal schedulenafntenance works for a
given road section. In the field of project-level pavameptimization, heuristic
algorithms such as Genetic Algorithms are proved to beaefous approaches to
obtain near-optimal solutions within enormous possible solliimsufficiently quick

time spansBosurgi and Trifiro, 2005; Elbehairy et al, 200& Genetic Algorithm was
also successfully used to optimize the maintenance schgdalfn highway

infrastructure elements, such as load signs, guardrailldueminaries, with budget

constraint (aji and Jha, 200Y.

The optimal maintenance and rehabilitation problem taking &tocount the
uncertainty in the measurement of facility condition or db&erioration process has
been addressed and solved by various researcBelabf et al., 1982; Markow and
Balta, 1985; Carnahan, 1988; Madanat and Ben-Aki@84t Tsunokawa and Schofer,
1994; Durango and Madanat, 2002; Sanchez-Silva et 2005. Studies of
incorporating both network-level and project-level decisiwaee also conducted.i(l

et al. 1997; Miyamoto, 2001; Hegazy et al., 2004, Elbghei al., 2008. Detailed
review of relevant studies is not presented here sinceifisisrthtion concentrates on

optimization of project-level decisions based on deterministerideation models.

2.4.2 Short-term Work Zone Decision Optimization

Considerable efforts have been devoted to optimizing wark decisions to minimize
negative impacts, usually measured by the total cost. Mie€Cal. (980 provided a
simple framework to find the optimum work zone length bgimizing the total cost
including construction, user delay, vehicle operating,aash cost in construction and

maintenance zones of rural four-lane divided highwayke user delay costs were
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modeled based on average daily traffic (ADT) volumesilesthe crash costs were
computed by assuming that the crash rate per vehicle m#eanstant in a work zone
area. The optimal work zone length was derived basetPdf data. Because the
unit cost factors had changed considerably since 198Coyl and Petersori987)
found the optimum work zone lengths to be about 64% lotigatr those used

previously.

Martinelli and Xu (996 added the vehicle queue delay costs into McCayg8(Q
model. The work zone length was optimized by minimizing tibtal user cost,
excluding the maintenance and crash costs. Viera-Cale@9( developed a similar
model of four-lane highways which considered the etiédifferent traffic conditions
and an alternate path. However, that study did not devalepnative selection
guidelines for different traffic flows or road characteristiSchonfeld and Chieth§99
developed a mathematical model to optimize the work zamgtHe plus associated
traffic control for two-lane, two-way highways where dame at a time is closed under
steady traffic inflows. They found the optimal woraine length and cycle time for
traffic control and minimized the total cost, including agecmst and user delay cost.
No alternative routes were considered in that study. TR&QL then developed
another model to optimize the work zone length on fooe-ldighways using a
single-lane closure strategy. Based on the previous, Witrdn and Schonfel@@05a,
20050 developed work zone length optimization models for two-kme four-lane

highway with a single alternate route under steady traffiows.

Fwa, Cheu, and Muntasif998 developed a traffic delay model and used genetic

algorithms to optimize scheduling of maintenance work farimmizing traffic delays
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subject to several constraints on maintenance operafRanement sections, work
teams, start time and end time for each section weredelde®ther conditions in that
study were given, e.g. work zone configuration anailale work duration for each

team, and road section length. These variables were toizgd in that study. Chang,

Sawaya, and Ziliaskopoulog(q01) used traffic assignment approaches to evaluate the

traffic delay, which include the impact of work zone comalimns on an urban street
network. A tabu search methodology was employed to dbkeschedule with the least

network traffic delays.

Chien, Tang, and Schonfeld002 developed a model to optimize the scheduling of
work zone activities associated with traffic control for twodawo-way highways
where one lane at a time is closed considering time-\@tyaffic volumes during four
periods in a day: morning peak, daytime, evening pead, maghttime periods. A
greedy method is used as the search approach. Jidngdet (2003 used neural
networks and simulated annealing to optimize work zondherand starting times for
short-term freeway work zones using average hourffidrdata, considering factors
such as darkness and numbers of lanes. More comptdteduling plans for
multiple-zone maintenance projects were not attempted in tba. vChen and
Schonfeld 2004 developed a set of models to simultaneously optimizevtnk zone

length, scheduling, lane closure strategy and diversiactibns, using simulated
annealing search algorithm. Two-lane and multiple-lanewsgh, single and multiple
detours as well as steady and time-varying traffic volume tiame constraint2006

are considered in their models.
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Tien and Schonfeld 2009 considered the potential benefit of accelerating the
maintenance work with additional cost in the work zone op#tion by developing a
continuous tradeoff function between work time and.cbis study seeks to jointly
optimize the work zone length, work rates and traffic dieerdractions for steady
inflow conditions. Whereas the continuous time-cost triidemction and steady

traffic may not reflect the reality.

Based on their previous study, Chen and Schon28ld7 introduced a new dimension
of pavement durability and thus analyzed preferred maw thickness as well as the
work zone scheduling in optimizing costs per year rathem thae-time cost per

resurfacing project. However, the effect of traffic l@adthe pavement life is ignored
and user costs resulting from pavement deteriorationareonsidered in the life cycle

cost analysis.

Tang and Chien2008, 201) improved their analytical models by incorporating a
discrete work time-cost function and utilizing user-equilibr assignments instead of
the system optimization method to decide traffic diversion factid genetic
Algorithm (GA) is applied to reach near-optimal solutiombeir model focuses on
optimizing work zone scheduling and maintenance productivitiele keeping other
work zone decisions such as lane closure configuratmiorm in each work zone,
which may limit the model extendibility by introducing othericat decision variables
to further reduce the work zone cost. In addition, like mbghe previous work zone
optimization models handling time-varying traffic flow, the problgize of the model

depends highly on the number of time intervals (usualhging from 15 minutes to 1
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hour) in the analysis period. Thus it is questionable whetiese models can be

applied in longer maintenance projects which may lastiplef weeks or months.

All the above studies used macroscopic analytical metfgodsdeterministic queuing
analysis) to estimate user delays. However, analyticahodstare based on some
simplified assumptions which lead to the neglect of detaflptesentations. Therefore
analytical methods may not be able to provide satmfacsolutions for complex

transportation networks.

With the increasing development of computing technologyulaition-based
optimization has received considerable attention. This preesesss to find the best
value of some decision variables for a system where ¢hfermance is evaluated

based on the output of a simulation model of this sys@af{son and Kim, 2002

Cheu et al.Z004) presented a hybrid methodology to schedule mainteratidties

at various sites in a road network, using genetic algoritBf) @s an optimization
technique, coupled with a traffic-simulation model to eatarthe total travel time of
users. This study demonstrated the availability of sinmrdtased optimization
technology in work zone problems, although it did not $oon work zone length and

on the duration optimization problem.

2.5 Simulation-based Optimization

Simulation in combination with a numerical optimization methochigfective tool

for analyzing difficult stochastic optimization problems, especialhen decision
variables are interdependent in complex ways. Accordinghe comprehensive

reviews of literature on simulation optimization and its applicationseal-world
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provided by Andrad’ottirl(998, Azadivar (999, Fu (L9949, Fu 002, Fu, Glover,
and April 2009, Henderson and Nelso2(06, the main approaches used to solve

simulation optimization problems consist of:

* Ranking & selection according to statistical analysis;

* Response surface methodology based on approximatiotiseobbjective
function that the simulation model represents by a nualeepresentation;

* Gradient-based approaches primarily targeting continsolusion space;

* Random search approaches primarily targeting discraié@okpace;

» Sample path optimization approaches which take a suffigikmje amount of
simulations, and then try to optimize the resulting estimatasdeterministic
way;

* Model-based approaches, which are not dependelitidymn any current set
of solutions, but use a probability distribution on the spdcsotutions to
provide an estimate of where the best solutions are Igcated

* Metaheuristics, such as simulated annealing, genetiathigor

For solving large-scale real-world problems metaheuasisturrently dominate other
approaches focusing on convergence proof, mathemataahlility and optimal
solution, though the latter ones receive more attention byat¢hdemic world. The
main reason is that metaheuristics are generally fast,ty@ngsgenerate near-optimal
solutions good enough in practice. A new research tieta combine the robustness
of metaheuristics with certain statistical analysis techsiguéhe established methods

for guaranteeing performanc@lafsson and Kim, 2002, Lee et al., 2D06
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Although increasing attention is being paid to simulatiorebasptimization, it still
faces great challenges. The key feature in simulation ogtiioe is its stochastic
nature. According to H&2Q000 and Chen et al2000, if simulation models are used
for optimization purposes, it is necessary to settle for “gendugh with high
probability” instead of asking “the best for sure” foe thbjective function cannot be
evaluated exactly. As addressed by Ba@k®(), optimization via simulation adds an
additional complication because the performance of &cpkar design must be
estimated through multiple replications. In practice, this couodan that
simulation-based optimization can be quite costly in terinboth computer and
analysis time. Thus the critical issue in simulation optimizatiomakncing the
tradeoff between the computational effort used in estimétmgbjective function and
that used for exploration of the finite feasible solution spaceder to achieve good

solutions in acceptable time budget.

There are three main methods for reducing the compoétturden of solving the

optimization problem via simulation.

The first is by reducing the number of candidate solutex@snined and evaluated by
simulation. Efficient search algorithms with fast conveogemate would be quite
useful. The commercial package OptQuest attempts to cwmafgefor this by using a
neural network metamodel to screen out candidates whaghthawve poor performance
(Fu, 2003. Maintaining partial or complete information on solutiongvmusly
encountered is another way to save the number of solumalsated by simulation

(Pichitlamken and Nelson, 2001
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The second is by reducing the computational time requiredaloae each candidate
solution, either through reducing the number of replicatieesled for each simulation
run or by reducing the number of simulation runs requifn idea comes from not
treating the simulation process as a black box but lettingmigattion get more
intelligent feedback from the simulation, and vice-verse example, RISKOptimizer,
a simulation optimization software, allows the optimization emdm preemptively
terminate a simulation early, when it is clear that the detagp simulation result would
probably not be of value in the optimizer's calculatioBsgsel, 2001 Fu 002
argues that providing some measure of goodness fanetesheuristics and developing
practical and effective implementation of algorithms with proweonvergence
properties can reduce the number of simulation replicatieeded to obtain precise
estimates. Guikema et aR004 proposed an approach using ridge regression to
approximate the results of the full simulation run for soocamdidate solution

evaluations in order to reduce the number of runs aiflaimon.

The third is by distributing the computational tasks to multippeg@ssors. Most efforts
focus on decomposing the simulation models into smaller(@ees 2004; Xu and Sen,
2005 or distributing complete simulation runs or other optimizatiopssfeagnana et
al., 2009. Luo et al. 2000 introduced a framework for combining the statistical
efficiency of simulation optimization techniques with thigeetiveness of parallel

execution algorithms based on the Internet and web-badeublegies.
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2.6 Expected Research Contribution

After a review of the above studies, it appears that maethiads, consisting of both
analytic methods and simulation models, have beenajse and applied in various
problems in maintenance studies, including but not limitetiécassessment of work
zone impacts and the optimization of work zone decisionge © complex and

combinatorial nature of the work zone optimization probleeauristic algorithm was

adopted as the dominant problem solving approach.

In previous researches, long-term maintenance de@gitimization is separated from
short-term maintenance decision optimizations. However, theresome short-term
decisions that may affect long-term roadway performahceould be valuable to

consider jointly optimization of these two types of decision

In terms of short-term work zone decision optimizatiom, skate-of-practice shows
that the administrative agencies select the best plan $eraral alternatives (e.g.
select a lane-closure period from weekday night closueekday off-peak daytime
closure, weekend closure) instead of applying optimizagidmnology. The state-of-art
of the academic research focus on developing advaopidiization method,

nevertheless, based on some simplified assumptions thatnfzage the gap between
research and practice. Most of the previous studiebased on analytic methods,
which may not be precise due to over-simplified assumgtaspecially in complex
traffic network. Few of studies integrate simulation with m@ation. A main barrier is

that simulation is a very time-consuming way to evaluatelfective function in an

optimization process.
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In addition, lane closure schedules in most major maintenprojects are periodic
time windows. However, previous studies on work zonenupétion did not fully

utilize this characteristic and as a result the problem sizeanglexity increases with
the maximal allowable project duration. This may potentialijice the efficiency and

scalability of their proposed search algorithm.

Addressing the above three issues, this dissertation atteanpthieve the following

major contributions:

(1) Improve the analytical model to more precisely estimatewtbek zone

impacts.

(2) In addition to work zone schedule and configuration,fitrafimpact
mitigation strategies, as key components of a typical wonke znanagement
plan, will be introduced in the optimization model. Some prattissues,
such as periodic lane closure time windows and diffetraffic patterns in
weekday and weekend, will be considered in the proposmtkl with the
object of decreasing the gap between theory and prastigelbas improving

the flexibility and scalability of the optimization procedure.

(3) This dissertation will develop an efficient simulation-based nagttion
algorithm to solve an optimization problem in which simolais applied to
estimate work zone impacts. This approach will analytigadyoptimize the
decision variables before performing a detailed evaluati¢im nvicroscopic
simulation. The application of parallel computing will also kpleited in

order to speed up the overall optimization process.
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(4) Taking account of short-term and long-term impacts chbgealifferent work
zone decisions, this dissertation will combine those critical warke

management decisions in a comprehensive optimization model.
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Chapter 3 One-TimeWork Zone Cost M odel

One-time work zone costs deals with agency and user bostight about by the
establishment of work zones during major maintenance opesatio this chapter,
models are developed to quantitatively measure one-time zomk costs attributable
to work zones on a multiple-lane highway under time-wagryraffic inflow. While
work zone agency costs are formulated analytically, worie user costs are estimated
by two different methods: one is based on a detailedostopic simulation model and
the other is based on a simplified analytical model tlbabants for the effect of
randomness in arrival flows, shock-wave, and mergingayieh The analysis

procedure is illustrated in Figure 3-1.

Required Information Cost Model Analysis Method

Work Zone
Characteristics Work Zone .
] < Analytical Method

»  Agency Cost Model

Network and
Traffic
Properties
pert Simulation Method
Work Zone
Traffic / »  User Cost Model H
Management Analytical Method
Strategies /

Figure 3-1 One-Time Work Zone Cost Analysis Procedure

3.1 Work Zone Characteristics

4

A

The Manual on Uniform Traffic Control Devices (MUTCIHHWA, 2003 refers to a
work zone as a “temporary traffic control (TTC) zomdiich generally consist of the
advance warning area, the transition area, the activity(em@ading buffer space and
work space), and the termination area. An example ofypgcal work zone

configuration is shown in Figure 3-2. The characteristged to describe a work zone
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are categorized into three categories: work zone coatigu; work zone timing and

duration, and work productivity parameters.

Baseline Travel Direction ©—>

—> —>
/ ‘-.--"““‘ ..."..
- :[: :|: > > :l
L OO Lo |

Advance Warning Transition Buffer Work Termination
Area Area | Space Space | Area
I* ]
Activity Area

Figure 3-2 Single Lane-closure Work Zone Configuration

3.1.1 Work Zone Configuration

The relevant attributes defining the configuration of a veanke include the work zone
length (), the number of lanes closed for roadwork in the Ibeséirection N), and

the number of lanes occupied for contra-flow operatiaghénopposite directior\().

() the work zone length (L)

This study defines the work zone length as the total teoighe restricted section with
physical space loss. The work zone lendth dan be calculated as the sum of the
transition area length_{,), the buffer space lengthd), the work space length),
and the termination area lengthy), as shown in. Except the work space length),(
the lengths of the other work zone componehts, (Ls andLy,) can be determined
based on posted speed limit using the guidance providstUIRCD (FHWA, 2003
and therefore they are considered as constant coef§iciBime work zone lengtiv) is
hence expressed in Eg. 3-1 as the sum of the wadedpngthl(,) and a fixed length

required to set up a work zong €Ly +Lp +Lto):
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L= (Lu +LotLi)+Lw=Lt+Lw Eq. 3-1
where,L = the total work zone length;

Ls = the fixed work zone setup lengthy €Ly +L +L¢o);

L. = the work space length.

(2) the number of lanes occupied in both directions (N afnd N

The roadway capacity reduction caused by a work no@iely depends on the total
number of lanes available and the number of lanesdld%artial closure or full closure
results in no disruption of traffic in the opposite direction.il&/the "contra-flow"
concept is employed in lane closures by crossing ovesromere lanes of traffic in the
opposing direction to the bypass roadwork, the loss o&aiyp occurs in both

directions. Figure 3-3 illustrates partial closure and ovesscenarios.

<= Opposite Direction 2 <& Opposite Direction 2
<+ -

il ™ ity Sh b bt A == "‘::-‘ --------- B
Baseline Direction 1 —» Baseline Direction 1 —>
Partial Crossover

Figure 3-3 Two Lane Closure Types

The layout of the work zone lane closure is specifiethBynumber ofanes closed in
the normal travel directionNj and the number of lanes occupied for contra-flow
operation in the opposite directiad;f. Given the number of lanes in two directioNg,
and N, the number of remaining lanes available for travellimp@lthe work zone
section in both direction®’; andN’,, can be derived from the following equations:
N’1= N71— N+N. Eg. 3-2

N’5= No— N Eqg. 3-3
where,N’;= the number of available lanes in the baselinectioe 1 in work zone condition;
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N’, = the number of available lanes in the oppositectiva 2 in work zone condition;
N, = the total number of lanes in the baseline diraction normal condition;

N = the total number of lanes in the opposite direcfian normal condition;

N = the number of closed lanes in the baseline doeciti

Nc= the number of usable contra-flow lanes in the sfipdlirection 2;

3.1.2 Work Zone Timing and Duration

As traffic demand varies over time, it is
necessary to know the schedule of a workz
zone (time of day and day of week) and thet
duration of time a work activity which £
occupies the work zone. The time span of
work zone is determined by two parameters:
the work starting timeS) and the work ending
time (E), using00::00 of the nearest Monday
prior to the work starting as the reference time Figure 3-4 A Work Zone Schedule
(0). An example of a work zone schedule is

illustrated in Figure 3-4. The work zone

during @) can be derived from Eg. 3-4.

THaffi

D= E-S Eq. 3-4

3.1.3 Productivity Parameters

Four productivity parameters have to be specified to estitmat@aintenance costy)

and durationD) of a work zone:

The fixed setup cost per zorg

The average additional cost required per unit length peiza

The fixed setup time per zoag

The average additional time required per unit length perdan

Here z; and z denote the fixed cost and time needed for mobilization and
demobilization purposes such as site preparation, cleapingnd traffic control setup

while z, and z;denotes the additional cost and time required to completeenance
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work for unit length. The values of these parametepeie on the work type (patching,
grinding, resurfacing, etc.), construction method, deploldmbr and equipment
resources, etc. Considering that a wider work space imengase the operation
efficiency and thereby reduce the unit work cost and,tefieiency factorsf, and ,
are introduced to reflect this impact if additional landg) @re closed for providing

access for demolition and construction activities.

Given the productivity parameters, the work zone mainmnanst and duration can
be modeled as linear functions of the total length to betenaéd in the work space, as
expressed in the following equations:
Cwm = 21+ (1+f2°Ny) ‘N Ly Eqg. 3-5
D =2z3t+z4 (1+f4 Np) "Ny Ly Eq. 3-6
where, L, = the length of work space;
N, = the number of maintained lanes;

N, = the number of access lanés£N-N,);
f, f, = the multi-lane operation efficiency factor;

3.2 Network and Traffic I nformation
The work zone traffic impact is directly dependent onwbkime, distribution and
operating characteristics of the traffic flows on corridbet are directly or indirectly

impacted by the reduced service level of the restrictadway section.

The road network to be analyzed should not only ctheemainline corridor in which
traffic flow is directly affected by the work zone, butalsontain the potential
diversion routes, which are formed by the off-ramps exitthe mainline, the
surrounding arterials or parallel highways, and the orpsarto the mainline
downstream the work zone section. It should be noted th@naportation agency

normally demarcates only one detour route with guidassighang et. al., 2008
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Figure 3-5 illustrates a sample study network, which aamainline corridor in both

directions Q: andQ,) and a detour route in both directiod @ndQy).

o ( SRt Lot \\\ = ( 77777777777
Q (1'p)Q1 —L— m
iLdl Ld3
o in . T? %
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it c O O S O D
| Q+pQ, |

Figure 3-5 Study Network
Time-dependent traffic demand under normal conditions (witivork zone)XQ has to

be provided to analyze the dynamic characteristics otrdféc during work zone
operations. An hour is used as a duration unit in whaffidrinflows stay appropriately
constant. The 24-hour daily traffic distribution or thé8d®ur weekly traffic demand
should be provided, depending on whether there is signifidistinction between
weekday and weekend traffic hourly distributions. Sineedperating costs and the
value of time differ among vehicle types, the highwaysisee classified as passenger

cars and heavy trucks. The proportion of heavy vehsatienoted aBr.

3.3 Traffic Management Strategies

With the booming development of information and Intelligera@nBportation Systems

(ITS) technologies, a variety of traffic management sgjias have been widely applied
to mitigate the work zone traffic impacts. Most of thesetegiias either focus on

supply side by improving capacities on corridors thataestly or indirectly impacted
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by work zones (supply-side) or try to influence trax&leesponse to the roadway
restriction (demand-side). Therefore in this study di¢rahanagement strategy is

defined by the following five variables:

* The fixed employment cost per zofe

* The average additional cost required per unit fime
e Adjustment of the work zone capacity (%);

» Adjustment of the detour capaciiy(%);

* Adjustment of traffic diversion percentagg(%);

3.3.1 Capacity Adjustment

Work zone capacityd,) is defined as the maximum number of vehicles padbiag
lane restriction over a one-hour period and it is depdnden a number of
location-specific variables, such as lane closure corgtgun, work zone intensity and
heavy traffic percentage. A baseline work zone capaaitybe estimated using existing
methods and computer programs (e.g. Highway Capaatyulsl equation, University
of Maryland Capacity Estimation equation, QUEWZ capawitydel and simulation
model) or through engineer judgment. In recent yearsrakinnovative work zone
control strategies have been proposed to manage the &pfiroaching and traveling
through the work zone lane closures by means of spasdot and merge control.
Their benefit in terms of increased work zone througl{papacity) and safety has
been tested in simulation and field experimem& oy et al., 1999; Pesti et al., 1999;
Walters et al., 2001; Tarko and Venugopal, 2001; Bearcet al., 2004; Kang and

Chang, 2006a; Kang and Chang, 2006b
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The employment of capacity improvement strategies is mateld to work zones. The
capacity of a detour rout€{) can also be increased to attract more vehicles diverting
from the mainline route as well as improve progressioaltarnative routes. Detour
capacity can be improved through changing traffic sigmahg plans, using reversible

lanes, widening lanes, etc.

Given a set of capacity improvement strategies, th& wame capacityd,) and detour

capacity ¢4) are changed to adjusted capacities, andc’y) through the following

relations:
: K
c, =¢,+Ac, [1- H @-4,,)]1 Eq. 3-7
) K
Cyq =C4+AC,[1- l_l @=944)] Eq. 3-8
=1

where, c’y, €'y = adjusted work zone capacity and detour capacity;
Cw Cq = baseline work zone capacity and detour capacity
Ac,, Acy = the maximal possible increase of capacitiesarkveone and detour;
dwi = adjustment of work zone capacity contributingrtek™ strategy:;
dax = adjustment of detour capacity contributing tekfi strategy.

3.3.2 Demand Adjustment

When facing travel disruptions, vehicle operatotsowmormally use the maintained
roadway may change their travel behavior by dingrto alternative route, changing
departure time, switching modes, or even cancelay trips. Unfortunately, the

studies estimating how work zone characteristia$ taaffic management strategies
affect the fractions of time shift, mode switchdanp cancellation are far from well

developed due to the complexity of human psycholagy lack of real-world data.

Therefore, this study only accounts for demand rdie@ in response to work zone
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delay and agency guidance and assumes that O-D dgratiaths remain the same as

those under normal condition without work zones.

Detour strategies, such as Variable Message Signs JVD&our guide, advanced
traveler information system, media camp, are desirediitteca percentage of traffic
off the roadway under construction and onto other existiagways. The purpose is to
utilize spare capacity on the detour so that the trafficydmlar the entire network can
be reduced. Although traffic levels on the mainline adkiced, the diverted traffic
would be delayed by taking a longer path and so as itpealrtraffic traveling on the

detours due to increased traffic density. The stratagybe beneficial only when the
mainline delay saving outweighs the delay increase onléteur. It is essential to
examine the ability of the detour routes to handle diventaffic and analyze the

potential network impacts evaluated by mainline user @stgletour user costs.

The diversion ratep) is the percentage of vehicles diverted from theimadmroute
during road constructions. In this study, whether to ta&eeters’ route-changing
behavior into account determines the way to model the impactietour strategy on

the diversion ratio.

(1) Option 1: System Control

(1.1)User Input

Under the assumption that the performance of a det@iegyris controllable and
predictable, the improvement of diversion rétds a user input, which is estimated

from external analysis or through engineering judgment.
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p=p+@-p)l- ﬂ @-3,,)] Eq. 3-9

where, p’ = adjusted diversion ratp,][0, 1];
p = natural diversion rate without any detourtstyg, p[0, 1];
dax = adjustment of diversion rate contributinghie Kh strategygqx L[O, 1].

(2.2) System Optimization Model

From a system control perspective, it is valuabledérive the optimal traffic
diversion fraction based on the real-time condgion the mainline route and alternate
roads based on the assumption that the driversecatgpwith one another in order to
minimize total system travel time. The optimal dsien rate is obtained by solving the
following optimization problem:

Min Z = Xy O, (%) + X [ (X F Xeg) + Xeg g (Xg + Xeq) Eq. 3-10
Subjectto  Xg+Xw =Q ; X¢=0; X,=>0
where, X, = the remaining traffic flow on the original route

Xq = the diverted traffic flow on the detour route;

Xed = the existing traffic flow on the detour route;

tw = the volume-dependent travel time on the origioate;

ty = the volume-dependent travel time on the detoute;

teg = the volume-dependent travel time on the magbout section;
Q =the traffic on the original route under norroahdition.

(2) Option 2: User choice

In reality, the diversion fraction varies dynamigalith the real-time traffic
conditions and might be hard to predict in advabeeause network users are
independent decision-makers in route choice. No aareforce them to travel on a
particular road. A considerable number of studiasehindicated that a substantial
percentage of drivers would divert while reliablavel time/delay information is
provided by VMS or other traveler information syate Based on field observations

and survey results some quantitative methods h#se lzeen developed to help
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engineers to determine diversion rates at work zoQeHE(VZ; QuickZone; Ullman
and Dudek, 2003; Song and Yin, 2008; Zhang, et. 8i§)24nd they can be categorized
into criteria-based algorithm, choice-based model and esgilibrium traffic

assignment method.
(2.1) Choice-base Model

For short term or non-recurrent work zones, a binagjt Imodel developed by
Song and YinZ00§ is used to estimate the diversion fraction in response touta
detour strategies. Note that the model is intended for wamksz on urban freeways

where parallel frontage roads are available.

p=p if tw<tq Eq. 3-11
p=1-A-P); 1_
exp[0.1414t, —t,) + 0.1054
where, p’ = adjusted diversion ratp,J[0, 1];
p = natural diversion rate without any detourtsigg, p[0, 1];
ty = estimated travel time on the original route;
ty = estimated travel time on the detour route;

(2.2) User Equilibrium Model

For long duration or recurrent work zones, travelerg quackly learn from their
travel experience and adjust their route choice. In ihigton, it is reasonable to
assume user equilibrium can be reached and no roasl eeme decrease their travel
effort by unilaterally switching path&ganzo and Sheffi, 19¥.7The diversion is

obtained by solving the following traffic assignment problem:

Min Z = [, ()%, + [ty (% + %), Eq. 3-12

Subjectto  Xg+xw =Q ; X>0; X,=>0
where, x, =the remaining traffic flow on the original route
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Xq = the diverted traffic flow on the detour route;
Xed = the existing traffic flow on the detour route;
Q =the traffic on the original route under norroahdition.

34 OneTimeWork Zone Cost Mode

Alternative work zone management plans can be compgharedgh their one-time

work zone costdy) if they have negligible or equal long-term impacts.uksmg that

a roadway maintenance project is divided imoconsecutive work zones and
maintenance work is undertaken only on one work zometiate, the one-time work
zone total cost(y) is the summation of the agency cd3t §) and user costy;) of all

the work zones, shown &y.3-13.

Ct = Cat+Cy

= ZCA,i +ZCU,i
=1 =

Z(CMJ +CS,i +Cl,i)+Z(CD,i +Cv,i +CE,i)
i=1 i=1

where, Ca; = Agency Cost of thé" work zone
Cu; = User Cost of th&" work zone
Cu.i = Agency Maintenance Cost of tiftwork zone
Cs; = Agency Traffic Mitigation Cost of th&" work zone
C, = Agency Equipment/Labor Idling Cost of tHework zone
Co; = User Delay Cost of thid work zone
Cyi = User Vehicle Operating Cost of tH&work zone
Ce;i = User Expected Accident Cost of tifework zone

Eq.3-13

3.4.1 Work Zone Agency Cost M odel

Agency costs include all direct expenses associatétl the placement of a
maintenance treatment. These include maintenarstetcaffic management cost, and

idling cost.
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3.4.1.1 Maintenance Cost

Maintenance cost includes labor, equipment, material @mihéstration costs spent on
maintaining a work zone. It is formulated as a linear functibthe maintained area

with the form inEq.3-14)

Cu, =7, +z, 1A+ f,) N, L,
=242, (L4 ) BB Fq 314
z, [+ 1,)
where, N, = the number of maintained lanes in tHavork zone(#);
L, = the work space length of tifework zone (mile);
D, = the duration of thé" work zone (hr);
z = the fixed setup cost per work zone ($/zone);
p2) the unit length maintenance cost ($/lane-mile);
Z the fixed setup time per work zone (hr/zone);
zZ = the unit length maintenance time (hr/lane-mile);
f, = the multi-lane operation cost saving factor (%);
f, = the multi-lane operation time saving factor (%6).

3.4.1.2 Traffic Management Cost

Given K traffic management strategies available in thgegtp the cost spent on
employing those strategies is formulated as atifieection of the work zone length in

Eq.3-15:

K
Cs; = Z be; (Bry + Bk D)) Eq.3-15
k=1

where, b= dummy variable indicating whether th8 strategy is implemented in th
work zone (b =1 if the K" strategy is activated in th& work zone, if
=0,otherwisé;
p1,= the fixed employment cost of th8 strategy;
2= the unit-time cost of thigh strategy;
K= total number of strategies;
D= the duration of thé" work zone.
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3.4.1.3 Idling Cost

It is assumed that crews and equipments are idle duringdahebreak between two
consecutive work zones. Being idle is usually an undasisatuation, since there is an
opportunity cost of not earning returns on the idle agsetthat reason, idling cost is
considered in work zone activities. It is modeled agtioeluct of idling time and the

average cost of idling crews and equipments

C,=(S,-E)v fori=1,2,...,I-1

’ . Eq.3-16
C, =0 for i=I
where, § = the starting time of thd work zone

E = the ending time of thd" work zone

3.4.2 Work Zone User Cost Mod€

The impact of work zones on traffic is measuredhgyadded user costs caused by the
presence of work zones. They are the costs thabristst incur because of reduced
travel speed, restricted capacity at work zoned, additional travel distance due to
detours. Three major portions of added road ussr & delay cost, added vehicle
operating cost and expected accident cost to higlwsars resulting from maintenance

activities.

3.4.2.1 User Delay Cost

Delay costs should be determined using the amauwshtvalue of lost time resulting

from delays caused by work zone activities. No& tlelay estimation is not limited to
vehicles traveling through the work zone area. firahovements across the detour
routes should also be analyzed, if any naturalesighated diversion phenomenon

occurs.
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Cp, = Dp,i-Wbo EQ.3-17
whereyp = the weighted average of value of time delay dostgassenger cars and for trucks
Do = the total delay caused by tifework zone.

The accuracy of user delay estimates significantly affixetsmeasure of work zone
management plan. If well calibrated, microscopic simulatiwdels, which model

each vehicle as a separate entity moving in a netwogkysaally expected to provide
more accurate estimates of user delays compared tgtiaabprocedures, especially
when testing the effectiveness of various traffic managésteategies or conducting
network analysis. In this study, CORSIM (Corridor Simulgt@ comprehensive
microscopic traffic simulation program developed by the eFald Highway

Administration (FHWA), is used to simulate work zone conditiand estimate the

user delay.

However, application of microscopic simulation can be quipeesive in terms of data
collection and computational time. To save time and effort evhilaintaining a
desirable precision level, an analytical model derived feamulation analysis is
developed to estimate work zone delays in a typical n&tgloown inFigure 3-5 To
consider all the users affected by the work zonegptaédelay caused by tfi8 work
zone Dp,) consists of the delay of the mainline flow, the delay rigioal flow on

detour incurred by diverted traffic and the delay of degd flow, as shown in Eq.3-18.

Dy, =D™+D™ +D/ +D;” Eq.3-18

where, D™, D™ = the delay of the mainline flow in directions 1 &d
Did = the delay of the original flow on detour route;
D.” = the delay of detoured flow.

To more accurately estimate mainline dey't andD;™?), which is directly caused by

work zone bottlenecks, a new term of systematic delayrdinced into the analytical
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delay estimation model in addition to the deceleration, mowaegeleration, and
queuing delay (Eq.3-19 and Eq.3-20). Systematic deleguats for the effect of the
stochastic nature of traffic flows and other delaysahadifficult to model analytically.

Its formulation is derived from CORSIM simulation results.

D™ =DJi +Dp; + DT + Dt + DT Eq.3-19
D™ =Dg% +Dp? + DI + Dy + DT Eq.3-20
where, D[,”I1 D{,“,z = the deceleration delay occur in directions 1 aiatbfg mainline;
Dn':f} , Drrn“,2 = the moving delay occur in directions 1 and 2 aloragnline;
D™ D;‘}z = the acceleration delay occur in directions 1 aatb®g mainline;
DS]Z = the queuing delay occur in directions 1 and 2@loinline;

a,i?
Dml
Dr“]Z = the systematic delay occur in directions 1 antb@gmainline.

q,i?

Dml

ri?

The details of the simulation and analytical delay estimatiomepiores are

presented in the next subsections.

3.4.2.2 Vehicle Operating Cost

Changes in speed due to slower design speeds arehsledrcapacity of the facility
will have an effect on vehicle operating costs (VOC) a&salt of excess consumptions

of fuel and oil, maintenance, and tires.

A CORSIM Measures of Effectiveness (MOE) related taateloperating cost is the
fuel consumed for seven classes of vehicles in gallomsiles per gallon. The fuel
consumption cost can be obtained by multiplying the piregafuel price. Although
CORSIM maintains tabulated data for fuel consumption raiehnis expressed as a
function of acceleration, given the vehicle performancexraael vehicle speed, these

data are difficult to collect and calibrate and have not bpdated within CORSIM in
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many years. As indicated in a guideline provided by FKHWHese data are

recommended for comparison analysis oRi{\(VA, 2007.

Work zone VOC can also be calculated analytically by singmp three major VOC
components: speed change cycle VOC, queue idling VOCdetour VOC, denoted

asCys;i Cvq,i, andCyq,, respectively.

Cv,i = Cys+Cvq,+Cuva,i Eq.3-21
Speed change cycle VOC is the additional vehicle operaiisg associated with

decelerating from the unrestricted upstream approachkl s$pdee work zone speed and
then accelerating back to the unrestricted approach s$pmedhe work zone speed
after traversing the work zone. The excess cost ofdsgieenge cycles is calculated as
the production of the number of mainline vehicles affecteddrk zond and unit cost

per speed change cyalg$/cycle):

Cuey =V, A P () [, (0) + b7 @, (O)]ckt £q.3-22

where, Qt) = the traffic volume in direction 1 along mainline;
Q(t) = the traffic volume in direction 2 along mainline;
p’'(t) =the adjusted diversion rate;
¥ = adummy variable indicating whether lane closypetis crossover.

Queue idling VOC is the additional vehicle operating cost®@ated with "stop and
go" driving in the queue where traffic operates underc&w Flow" conditions. This
operating cost, denoted @g,,, can be formulated as the product of work zone queuing

delay (veh.hr) and unit vehicle idling cag($/veh.hr):

Cuqi =V EﬂD[{;’l + DQ}Z] Eq.3-23
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Excess operating costs are due to travel longer distanagagtours. This vehicle
operating cost is the cost per vehicle-mile times the vobakiag the detour times the

additional distance traveled on the detour compared watlwvtirk zone route:

Cu; =V, OL, — L) LE p(t) (O, (t)dt Eq.3-24

where, \ = average operating cost per unit distance ($/vé&)mi
lk = the travel distance along mainline route (mile);
ln = the travel distance along detour route (mile);

3.4.2.3 Expected Accident Cost

Many studies have found that crash rates are ggnity higher in work zones than
they are on the road section under normal opemtibne impact is aggravated when
the congestion level is high. Simulation modelsiass “100-percent safe driving” so

CORSIM is not effective in predicting the changeexpected accident rate.

The accident cost incurred by the traffic passiregwork zone, is determined from the
number of crashes per 100 million vehicle hoursafel () multiplied by the product
of the total delaydp ;) and the average cost per crag) (McCoy and Peterson, 1987,

Pigman and Agent, 1990; Chien and Schonfeld, 001

Ce, =Dy, Op v EQ.3-25
3.5 Delay Estimation based on Simulation M ethod
CORSIM is a powerful tool to evaluate pre-specifieark zone operations based on
detailed representations of traffic characteristiostwork geometry characteristics,

work zone characteristics and traffic control plans
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3.5.1 Introduction to CORSIM

Traffic simulation models can be classified into micogsc, macroscopic or
mesoscopic. Microscopic models address and desd¢hbe movement of each
individual vehicle in the traffic flow independence of theveiment of the adjacent
vehicles, both in the longitudinal (car-following behaviowaid in the lateral
(lane-changing behaviour) sense. Macroscopic modelsride the traffic flow as a
fluid with particular characteristics via the aggregatditrafariables traffic density,
flow, and mean speed. Mesoscopic models track individelaicles but group them
into platoons with same behaviors, and thus provide thesgréevel in the middle of

microscopic and macroscopic simulation models.

CORSIM is a microscopic and stochastic simulator. firesents single vehicles
entering the road network at random times moving secorgkbgnd according to
local interaction rules that describe governing phenomermaasicar following logic,

lane changing, response to traffic control devices, amding at intersections

according to prescribed probabilities.

CORSIM combines two of the most widely used traffic simafamodels, NETSIM
for surface streets, and FRESIM for freeways. CORSiIfulates traffic and traffic
control systems using commonly accepted vehicle an@rdoiehavior models and it
has great ability to model complex road networks, variou$ictreonditions and
different traffic control alternatives. CORSIM can hanadéworks of up to 500 nodes

and 1,000 links containing up to 20,000 vehicles at one.ti
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For reflecting the realistic traffic operations and predicttraffic performance
correctly, the CORSIM simulation model has to be propealibrated by fine tuning

the parameters discussed in the next subsection.

3.5.2 Work Zone Simulation in CORSIM

For the CORSIM model, the input data specified by tlee asnsists of a sequence of
“record types”, which contains a specific set of datastaswell as an identification

number. These data specified in a “record type” allea “entries”.

In NETSIM and FRESIM, different record types aredigecontain work zone related

information.

3.5.2.1 NETSIM

(1) Record Type 11

The record type 11 is the NETSIM link description, whitescribes the geometry and

the traffic characteristics of NETSIM links.

The entries 11-17 specify the channelization for all ddfiaaes. We can simulate a
link with one or more closed lanes, by setting proper gabii¢he channelization codes
for corresponding lanes. A closed lane can be treatadransient condition that is due
to a construction zone. The entries 23 and 24 specifyndean startup delay and the
mean queue discharge headway (in tenths of a seaghitf may affect signalized

intersection capacity in a NETSIM link.
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However, only full lanes can be channelized and thaagpof the whole link can be
changed. If we want to simulate a work zone segment watlsirface street link, we
have to divide the link into several links. Also, the roagacity along work zone
segment and drivers’ behavior characteristics are still ttahlibrate in NETSIM.

Therefore, in this study we focus on freeway work zones

(2) Record Type 21

Turn movement data for surface street links are recardéte record type 21. These

data will change when detours are used.

3.5.2.2 FRESIM

(1) Record Type 29

A comprehensive freeway incident simulation procedureasiged in FRESIM. It is
recommended by the user manual for work zone moddilimguser can specify either
blockages or “rubbernecking” to occur on a lane-speldgis. The rubbernecking
factor (in a percentage) represents the reduction iactgpfor vehicles in remaining
open lanes in the work zone area. Each incident octure specified longitudinal
position on a freeway link, extends over the user-spddiéiegth of the roadway, and

last for any desired length of time (CORSIM Users’ Maii.

With the above function, it is convenient to set up: (a) remd$ closed lanes; (b)
location of work zone (left, center or right of the rpa@) work zone length; (d)
starting time of the work zone; (e) work zone durationjd€ation of the upstream

warning sign for a work zone; (g) rubbernecking fagtdhe remaining open lanes in
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the work zone area. FRESIM is therefore attractive donulating work zone
conditions due to this freeway incident specification functinich is defined in the

record type 29.

(2) Record Type 20

Record Type 20 is used to record freeway link openadi@ta. In this record type, the

information contributing to work zone operation includes:

» Desired free-flow speed in a freeway link

This parameter specifies the desired, unimpeded, measflbw speed (in miles per
hour) that is attained by traffic, in the absence of arpentance due to other vehicles,
control devices or work zone activities. Under work zooerditions, the speed limit
and driver’s compliance behavior in the freeway link maydhanged. Then the

free-flow speed of the work zone link and the upstréaks may need to be reset.

» Car-following sensitivity multiplier in a freeway link

The car-following sensitivity multiplier permits users to a&tjuhe car-following
sensitivity on a link-by-link basis in a FRESIM network. Tlae-following sensitivity
factor represents a driver's desire to follow the piewe car. The value of
car-following sensitivity multiplier in a link contributes to thehicle capacity of this

link.

(3 Record Type 25

Turn movement data for freeway links are recordedenrécord type 25. These data

will be updated when detours are used.
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3.5.3 MOEsin CORSIM

After the test network is built in CORISM based on input diatéuding work zone
characteristics, network and traffic information, anéfirananagement strategies, it is
essential to match the simulation model with field data to ernbereeliability and
quality of the simulation results. For freeway workes, the rubbernecking factor,
car-following sensitivity factor, and desired free-flonesd on work zone link and

upstream links are key parameters to adjust in calibratmreps.

CORSIM output file consists of cumulative NETSIM link statisticagaNETSIM
movement specific Statistics, cumulative FRESIM link stasstFRESIM network
statistics and network-wide average statistics for eaah p@niod. Since we intend to
evaluate the work zone effect from the system point ofv,vidne “Total Time
(vehicle-hours)” and “Total Delay (vehicle-hours)” in netkravide average statistics
are major MOEs used in delay estimation. The net vwanke delay Dp) is the
difference between the network-wide total time with workez@i ) and that without

work zone TTyo).

Dp=TTw—TTwo Eq.3-26

CORSIM can estimate the total fuel consumed by all vehofl&se specified type on
each link. Two environmental MOEs, “FRESIM cumulativelues of fuel
consumption (sub-network data)” and “NETSIM cumulativalues of fuel
consumption (sub-network data)”, can be used to calcuéaiditional fuel
consumption due to work zone:

Eq.3-27

a,wo a,wo

F = i (Fa',:stSM + Fa',\‘vI\/ETSIM) _ i(F FRESIM +F NETSIM)
=1 =1
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where, F  =additional fuel consumption due to work zone;

A =total type of vehicle clas®{7 in CORSIM);

Rw ™= fuel consumption of tha™ type of vehicles in FRESIM under work
zone condition;

Fw = ™= fuel consumption of tha™ type of vehicles in NETSIM under work
zone condition;

Bwo E™= fuel consumption of tha™ type of vehicles in FRESIM under
normal condition;

Bwo = o™= fuel consumption of tha™ type of vehicles in NETSIM under
normal condition;

In order to reduce the statistical variance in simulaticyars, multiple simulation
replications must be run with different random number s@dusrunning time of each
simulation run depends on scope of the size of the mietei® number of time periods,

and traffic congestion level.

3.5.4 Traffic Flow Properties

In a macroscopic traffic flow model, speed is derivenfithe relation among flow,
speed and density, while in a microscopic simulation mqueedis derived from the
car following theory. This section discusses the propesfisteady-state traffic flow
based on car following models embedded in CORSIM, in qudati the associated

speed-flow relations.

3.5.4.1 Car-Following Model in CORSIM

The basic car-following logic incorporated in CORSIM isttlhighicles attempt to
maintain constant space headway between the lead and foN@hiles. Under
steady-state conditions, this logic can revert to the Pigefolbowing model Rakha
and Crowther, 200 In Pipes’ model, the distance headway has a linéatra®e with
speed. The car-following behavior of a vehicle is camséd by a maximum speed,

which is commonly known as the free flow speed.
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FRESIM uses the Pitt car-following model developed bythaversity of Pittsburgh

to determine the follower vehicle acceleratidtalati et al., 1997. The logic is as

follows:
H=H, +kV +bkAV? =H, +kV Eq.3-28
Under steady-state conditiond/=0
where, H =distance headway between lead and followerclehi
H =jam density headway;
k  =driver sensitivity factor for the follower veleg
b = calibration constant which equals 0.1 if theexpef the follower vehicle

exceeds the speed of the lead vehicle, otherwisesét to 0;
V = speed of the follower vehicle;
AV = difference in speed between lead and followéicle
\VV =free-flow speed;

The car-following model in NETSIM incorporates a driverctéan time and the ability
of vehicles to decelerate at feasible rates without regutimehicle collisionsRakha
and Crowther, 2001

1

H=H, +AS+AR+S, -S =H, +VIAt=H +
360( Eq.3-29

Under steady-state conditions,
AV=0, AS=VAt, AR=0, $=S,, At=1second=1/3600 hour
where, AS = distance traveled by follower vehicle overdimtervalAt
AR = distance traveled by follower vehicle duringriésction time
S  =distance traveled by follower vehicle to comeatwomplete stop
S  =distance traveled by lead vehicle to come torapiete stop

Either in Eq.3-28 or in

Eq.3-29, distance headway has a linear relation with spdetk that the vehicle speed

(V) is constrained by a maximum speed, which is comiynknown as the free flow

speed ;).
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H-H
(

V =min LV,) Eq.3-30

3.5.4.2 Conversion to Traffic Flow Model

The car-following model of traffic has a harmonidigsin to macroscopic theory. The

following procedures can integrate the two appreach

The macroscopic traffic flow models identify théateon between the three traffic flow
parameters, namely flov@j], speedV), and densityK), which can be measured fairly

easily in the field using standard loop detectorsaific counters.

Q =KV Eq.3-31
Assuming all vehicles in the traffic stream maint#ie same headway distance, we

obtain the following relationship between distaheadway ) and densityK):

H=1/K Eq.3-32
By substituting Eq.3-32 into Eq.3-30 and Eq.3-3ig microscopic car-following
model can be related mathematically to the macmescepeed-density relationship

through the following forms:

_1/K-1/K, Eq.3-33
Vi) =min(——-,V,)

_ H-H,
V = min(

\V _ V Eq.3-34
H, +kV  1/K, +kV

\%
=KV =—=
Q H

A numerical test is conducted to compare the obthitraffic stream model and
Greenshields’ traffic flow model, one of the besiown traffic stream models. In

Greenshields’ model, speed is a linear functiodesfsity, given in Eq.3-35.
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Eq.3-35

Q=KV=bi(v, -V)V= K V-1 v e
V, V,

The relations among flow (Q), density (K), and speedl i(Wthe two models are

illustrated in Figure 3-6, giverlK;=80 veh/mile,V=80 mph, k=3/6400, and road

capacity=1600 vph. Unlike single-regime Greenshield’'sehdte traffic flow model

converted from CORSIM car-following logic is multi-rege in the sense that a

different model is utilized for the congested versus unesteg regimes. Specifically,

traffic stream speed is insensitive to the traffic density iutftengested regime.
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Figure 3-6 Comparison of obtained traffic flow model and Greenshield’s Model
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3.5.5 A Simulation Experiment

To investigate work zone delay and speed-flow relationshipork zone link, a

simulation experiment is conducted based on a freewayesggn Maryland on the

U.S. Route 1-83 south bound with a right-lane closurekwamne near the overpass

bridge of Cold Bottom Road (Figure 3-7). The origimakfflow speed on I-83SB is 65

mph. It was modeled with CORSIM as a unidirectional twelfreeway segment

consisting of upstream links, one work zone link, dadinstream links. An incident is

modeled in the work zone link for replicating the one-lanswie area.

RIGHT LANE ROAD
CLOSED WORK
1/2 MILE 1 MILE
I3
.

]
1-83 SB
. A\ <«
<
'471 mile4>‘<70‘5 milegbkiOAS milegb‘
Calibrated |Rubbernecking Factor=21
Parameters: Free Flow Speed= 55 mph Free Flow Speed= 45 mph Free Flow Speed=55mph  Free Flow Speed= 65 mph

Work zone length= 1 mile
Location of warning sign=1 mile

Figure 3-7 Test Work Zone Site and Calibrated Simulation Parameters

We use the field results as a baseline and try to calitrat@mulation model based on

the observation results. The model calibration with redpetite upstream volumes,

truck percentage, work zone throughput, and avernagedsat merge point was based

on the field data collected in 200Rble 3-1demonstrates the calibration results.

Table 3-1 Calibration Results for the CORSIM Simulation Network

Traffic conditions Actual data Simulation results
(10/10/2003)| Before calibration|  After calibration
Upstream volume (2 lanes) 1875 vph 1875 vph 18Tb vp
Heavy truck percentage 19 % 19% 19%
Average speed at merge point? 22.0 mph 13 mph A mp
Work Zone throughput 1,340 vphpl 1,646 vphpl 1,8B8pl

Note(*): Merge point is located ahead the first kveone tape.
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24 scenarios are run with volume to work zone capadity ranging from 0.1 to
2.0 with an increment of 0.1. Each simulation lasts 9 g#ibnds including a 3,600
second period with specified inflow and a 5,400 secend@ with zero inflow to clear
vehicles traveling in the network. The initialization time iscém to 1,200 seconds.
Each MOE is the average of results from 10 independ®udation replications with
different random number seeds. Table 3-2 lists the agelalgy per vehicle (min/veh)

and the average speed in the work zone link (mph)afch scenario.

Table 3-2 Simulation Results for 24 Scenarios (I-83SB)

Scenario V/C | Volume Capacity W%‘;é}?ne W(;rrl:eﬁ(()jne Scenario V/C | Volume Capacity W(?Drzlisne W(;rrl:eﬁ(()jne
No. Ratio | (vph) (vph)  (min/veh) (mph) No. Ratio | (vph) (vph)  (min/veh) (mph)
1 0.10 134 1338 0.55 53.94 13 1.05 1405 1338 3.82 42.01
2 0.20 268 1338 0.56 53.16 14 1.10 1472 1338 5.35 42.43
3 0.30 401 1338 0.59 52.61 15 1.15 1539 1338 7.13 42.56
4 0.40 535 1338 0.72 51.67 16 1.20 1606 1338 8.87 42.88
5 0.50 669 1338 0.78 50.96 17 1.30 1739 1338 12.77 43.00
6 0.60 803 1338 0.88 49.72 18 1.40 1873 1338 16.27 43.18
7 0.70 937 1338 0.94 48.66 19 1.50 2007 1338 20.54 43.15
8 0.80 1070 1338 1.15 46.58 20 1.60 2141 1338 24.17 43.16
9 0.85 1137 1338 1.27 45.33 21 1.70 2275 1338 27.75 43.16
10 0.90 1204 1338 1.43 44.00 22 1.80 2408 1338 32.08 43.09
11 0.95 1271 1338 1.58 42.96 23 1.90 2542 1338 35.87 43.08
12 1.00 1338 1338 2.14 42.28 24 2.00 2676 1338 39.90 43.14

Figure 3-8 shows how the average work zone deldyanrk zone speed change with
the traffic congestion level. From the simulation results andainanimation, it can be

seen that;

(1) Under uncongested conditions (V/C <1), most vehicles easily find
acceptable gaps to merge into the open lane without distuharcaffic flows.
Moving through the work zone area with lower speed is thgmtause of
delay. As the traffic volume increases, the work zoneydetaeases slowly and

the speed in open lane decreases gradually in a nearfasa#on.
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(2) Under congested conditions (\#@), vehicles begin to experience difficulties

in changing lanes and consequently cause traffic distceb@ueues form in
both lanes at the upstream point of the blockage link, wieitts to dramatic
raise of work zone delay. In this queuing situation thekweone link operates
at full capacity and the vehicles travel in the open lane avittlatively stable
speed (43 mph) slightly lower than work zone speei (85 mph). This result

shows the multi-regime property of the traffic streaodeied in CORSIM.
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Figure 3-8 Change of Average Delay and Speed with Congestion Level
3.5.6 Srength and Limitations
A well-calibrated CORSIM simulation model is flexible to modemplex work zone
projects and observe the traffic impacts on the entire mkfwot just near the work
zones. It has ability to model unusual geometric or trafiitrol features that are not
handled in traditional methodologies. Its function of creatingea-time traffic

animation allows analysts to observe vehicle interactionsvesuglize the potential
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results of alternative scenarios. It must be noted thet e also some limitations

that may cause difficulties in work zone simulation.

(1) Simulation time
CORSIM can simulate up to 19 time periods with a maximunattbn of 9999
seconds in each time period. Thus, the total simulation ¢emeot exceed 52.7
hours. Hence, we cannot simulate a work zone whosgioln exceeds 52.7 hours
in one CORSIM input file (TRF file). Since CORSIM is inad#fe of exporting or
importing network status, dividing one scenario into multipleuinfles may
sacrifice accuracy.

(2) Incident properties in record type 29
For record type 29, which is used to simulate freewakwones, CORSIM only
allows users to specify the onset time of an incideni¢ciwis measured from the
start of the simulation, at up to 9999 seconds. This indidht the start time of
the simulation has to occur less than 9999 seconds ah#zalwbrk zone starting
time and two zones cannot be successive in a TRHE flte first zone’s duration
exceeds 9999 seconds.
In addition, the duration of an incident cannot exceed 9%8%onds and the
length affected by the incident cannot exceed 99999 vwaath limits on the
duration and length of the work zone simulated in CORSI

(3) Vehicles entering the study network
We noted that CORSIM has difficulty dealing with stora§eehicles on short,
congested links. Once the queues extend back to thenemtreode and block

vehicles from entering the network at their scheduled twedjcles that were
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scheduled to depart were not able to do so. The “depadelays” of those
vehicles backed up behind entrance nodes will not be iadludthe total delay
estimates in output statistics. This limitation may result in uistierating user
delays in over-saturated conditions if upstream links daprowide enough queue

storage space.

Based on the above discussion, we can see CORSIMowexfpl tool for analyzing
work zone mobility impacts over a large geographic awéng certain time period
(e.g. a.m or p.m. peak hours). It is suitable for stuglyimultiple concurrent and
potentially interacting work zone projects in a networkesting the performance of
implementing different work zone traffic management strateglesrever, CORSIM
may not be able to accurately analyze the combined isypaatultiple work zones in

consecutive time slots over a long period of time (@geal days or weeks).

3.6 Delay Estimation Based on Analytic M ethod

To save time and effort while maintaining a desirable pigcisvel, an analytic model
adjusted from simulation analysis is developed to estimate wamk delays in a
typical network shown in Figure 3-5, where a single defburection 3) is designated
for mainline traffic (Direction 1). This model provides bmi@al formulations for
calculating the delays experienced by mainline and detsenrsulue to thé" work

zone under time-varying traffic demands.

3.6.1 Model Assumptions

The following assumptions are made in formulating the workezdelay estimation

model:
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(1) The maintenance work ii' work zone (= 1, 2, ....,I) is conducted within
time slot [§, E] over J, duration unitd; (j =1, 2, ....,J), in which inflows stay

appropriately constant, as shown in Figure 3-9.
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Figure 3-9 Delay Terms at Work Zone Area

(2) Mainline traffic demand can detour in response to veanke delay and agency
guidance. Time shift, mode switch, and trip cancellation rave taken into
account in this study. The O-D demand patterns remaisdme as those under
normal condition without work zones. The diverted fracti® estimated based
on the criteria presented in Section 3.3.2 “Demand Awahest”.

(3) The travel times on the original and detour routes atena®d from BPR
function. Possible signal or stop sign delays on the det@uconsidered. Queue
backups to the mainline road are neglected.

(4) It is assumed types of traffic management strategies are implemeinted|
work zones.

(5) Under the normal situation without a work zone, roadwayaci&p always

exceeds traffic demand on both mainline and detoursoute
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3.6.2 Mainline Delay

3.6.2.1 Mainline Capacity and Traffic Inflow

Given baseline work zone capadaity work zone configuration and the information of
traffic management strategies, the available capacitieséctizins 1 and 2 during time
periodd; with thei™ work zone, denoted as,4(i,j) andc(i,j), are product of the
number of open lanes and the adjusted work zone capaaitlane, which can be

obtained from Eq. 3-2 Eq. 3-3 and Eq. 3-7.

(1) The roadway capacity in Direction 1:

. C K ‘ Eq.3-37
Cu (1) =c,N; ={c, +Ac,[1- H (0=, BN, = N; +Nj)

(2) The roadway capacity in Direction 2:

, o K , Eq.3-38
sz(i' J) = CWNZ :{CW +ACW[1_ l:l (1_5wk)]}( NZ - N|)

(3) The adjusted traffic inflows in Direction 1 is calated based on diversion rate
p(i.)):

Ql,1)=0Q G NL-p G )l Eq.3-39

(4) The traffic inflows in Direction 2 is not affectéy work zone operations:
Q,(i, 1) =Q,(, ) Eq.3-40
3.6.2.2 Mainline Delay Formulation

The delay incurred by the restricted capacity atkwmones Dp) includes initial
deceleration delayD{), queue move-up timeD(), moving delay D.) and final
acceleration delayD(;). Figure 3-10 illustrates the components of warke mainline

delay. Four deterministic analytical equationsiesed to approximate these four delay
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components and a model derived from simulation result®veldped to estimate

systematic delayl};), which accounts for stochastic nature of traffic flows
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Figure 3-10 Delay Terms at Work Zone Area
(1) Deceleration Delay

Deceleration delay is defined as the difference betwetirtte used by a vehicle to
gradually reduce its speed from the free-flow spegdd the work zone speed,j
over a deceleration distanc®)(and the free-flow time associated with that distance.
The deceleration distance is assumed to be fixed andlétésmined as the distance
between the first advanced warning sign and the first ¢fithe work zone (e.g. 1 mile).

The equation for deceleration delay of duratipms obtained as:

2 1 Eq.3-41

D,(,])=s, (m v, )Q (i, j)d;
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Base on the simulation results shown in Figure 3-Byva-$peed model is developed to
estimate average work zone speed of fljuin Eq.3-42. As shown in Figure 3-11,
work zone speed is assumed to linearly decrease fraknzasoe speed limitv() to a
full-capacity speedvq) with increasing congestion level.

Q G, 1j)

)
V,

Vi (Vs —V,q)  Under uncongested condition

V, (i, J) = Eq.3-42

we Under congested condition
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Figure 3-11 Work Zone Speed Model
(2) Queuing Delay

Since upstream demand may exceed work zone caexdtthe whole system cannot
reach steady state, stochastic queuing theorytispicable to analyze work zone
gueuing delay. Therefore, the deterministic queuamaglel illustrated in Figure 3-12 is

used to estimate the queue lengthj) at the end of duratiod; and queuing delay

Dq(i.])-

Within durationd, if the inflow Q’(i,j) exceeds the capacity(i,j) a queue grows.
Otherwise, the existing queue decreases. The ctireutaumber of vehicles in a queue

at the end ofl; is:
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ad, j) = max{o,q(, j 1) +[Q (i, j) — ¢, (i, })1d;} Eq.3-43

The queuing delay of the hody, represented b(i,j), is obtained as

Dq @, j) = q(, | _1)2+ q, J) dij Eq.3-44

If the queues have not dissipated yet when the worle ends at the time Bf, the
queuing delay during an additional queue dissipatime Ty Should be taken into
account. Therefore the analysis period foritherork zone should be extendedHp
determined in Eq.3-45. Note that the queue maynable to dissipate completely at

the beginning of next work zoni-1) if the break time between two work zones is not

long enough.
. Eq.3-45
E =min{E +Toai 'St d
0 Arrival Rate
Departure Rate —
8 [[TII]]] Total Queuing Delay
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g l - . - «
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(2]
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Figure 3-12 Deterministic Queuing Model

(3) Moving Delay
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The moving delayq(i,j) is obtained by multiplying the outflow passing through work
zone areal() by the difference between the travel time on the ragdand without a
work zone. The total volume is the sum of infl@{,j) and queue length accumulated
from the previous duratiog(i,j-1) if they can be discharged withaj. Otherwise, the

total volume passing the work zone area is the capaditynex ,.(i,j).

1 1 G 1) Eq.3-46
D,.(. ) = Ly v QO +al.a=Dld; e iy _g
o [~ 1Le, 6 ), if q(,j)>0
v QD) v

(4) Acceleration Delay

Assuming a constant acceleration rag (e.g. 2.5 m/5 Shibuya et.al.,1999 the
delay incurred while the outflow accelerating frtra work zone spee,) to gain full

operating speeds is derived as:

[ve -v, D17 o Eq.3-47
—[Q (I,J)"'CI(I,J _1)]dij . .y
D.(.j)=) 22V it q(i,j)=0
[Vf _VW(I’ J)] C\‘N(i, J)d” if q('!J) >0
2a,V,

(5) Systematic Delay

The above mathematical equations used to estineatdatation, moving, acceleration,
and queuing delays are developed under deternsinggsumption. They do not
consider stochastic vehicle arrivals and interacimong the vehicles. After applying
the deterministic analytic models for the 24 scrrzain 1-83SB case, we found that

they always underestimate the overall magnitudeledhys compared to stochastic
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simulation analysis. The comparison of results of two nu=hs illustrated in Table

3-3 and Figure 3-13.

Table 3-3 Comparison of Results of Simulation Model and Deterministic Analytic Model

Scenario| V/C | Simulation Results Deterministic Analytical Model Results Difference
No. Ratio Avg. Delay Dd Dq Dm Da Avg. Delay | Avg. Delay
(#) (min/veh) (min/veh) (min/veh) (min/veh) (min/veh)] (min/veh) | (min/veh)

1 0.10 0.55 0.09 0.00 0.15 0.00 0.24 0.31
2 0.20 0.56 0.10 0.00 0.16 0.00 0.27 0.29
3 0.30 0.59 0.11 0.00 0.19 0.00 0.30 0.29
4 0.40 0.72 0.12 0.00 0.21 0.01 0.33 0.39
5 0.50 0.78 0.13 0.00 0.23 0.01 0.36 0.41
6 0.60 0.88 0.14 0.00 0.25 0.01 0.40 0.48
7 0.70 0.94 0.15 0.00 0.28 0.01 0.44 0.50
8 0.80 1.15 0.16 0.00 0.30 0.01 0.47 0.67
9 0.85 1.27 0.17 0.00 0.32 0.01 0.49 0.77
10 0.90 1.43 0.18 0.00 0.33 0.01 0.51 0.92
11 0.95 1.58 0.18 0.00 0.34 0.01 0.54 1.04
12 1.00 2.14 0.19 0.00 0.36 0.01 0.56 1.58
13 1.05 3.82 0.19 1.50 0.36 0.01 2.06 1.76
14 1.10 5.35 0.19 3.00 0.36 0.01 3.56 1.79
15 1.15 7.13 0.19 4.50 0.36 0.01 5.06 2.07
16 1.20 8.87 0.19 6.00 0.36 0.01 6.56 2.31
17 1.30 12.77 0.19 9.00 0.36 0.01 9.56 3.21
18 1.40 16.27 0.19 12.00 0.36 0.01 12.56 3.72
19 1.50 20.54 0.19 15.00 0.36 0.01 15.56 4.98
20 1.60 24.17 0.19 18.00 0.36 0.01 18.56 5.61
21 1.70 27.75 0.19 21.00 0.36 0.01 21.56 6.19
22 1.80 32.08 0.19 24.00 0.36 0.01 24.56 7.52
23 1.90 35.87 0.19 27.00 0.36 0.01 27.56 8.31
24 2.00 39.90 0.19 30.00 0.36 0.01 30.56 9.34
40
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Figure 3-13 Average Work Zone Delay Obtained from Two Methods
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To take account of the effect of the stochastic natuteafifc flows and other delays
that are difficult to model analytically (e.g. shockwave delaerging delay), an

additional delay term called systematic delay is introductalthre analytic model.
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Assuming that the difference between average work zolagsdebtained from two
methods is the observed systematic delay, a closedsEgression model shown in
Eq.3-48 is developed to estimate average systematic dalaghpiclet,(i,j). Observed
and predicted systematic delays are compared in Figare Jhe total systematic
delay is calculated by multiplying average systematic delayvphicle with the

incoming traffic flow duringd;.

t (i,j)= 0.098+0.279% +1.143° (minute/vehicle) Eq.3-48
=0.0016+ 0.0047x + 0.0191* (hour/vehicle)
D, (i,§) =t (,)) @ (, j)d, Eq.3-49

where, x =Q(i,))/C .(i,j) (V/C Ratio);
t(i,j) = average systematic delay per vehicle dudjng
D.(i,j) = total systematic delay durirky;
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Figure 3-14 Predicted and Observed Systematic Delay

3.6.3 Detour Delay

(1) Diverted Flow on the Detour

The travel time of the diverted flows may incre&setraveling a longer path with a
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lower speed than if they stayed on the original patlormal condition. If the traffic is
diverted from a highway or freeway to signalized arteyialdditional queuing/stop
delays due to intersections or stop signs should alsormdered. When a detour is
used, the moving delay of the traffic flow which is diverteain the mainline to the

detour can be calculated with the following equations:

DP (i, ) = (ty G, ) -t )QUG, )P . ) Eq.3-50

= (T 4ty o L) i ) (i ),
VAc VcD (I! J) VDB Vf

where tq4(i,j) = the travel time along detour route duriig
tns = the travel time along mainline route in normahdiion;
Lac = the travel distance from the mainline exit toghiat detour entrance;
Lcp = the length of the parallel detour;
Lpg = the travel distance from the detour exit to mamkentrance;
Lag = the length of mainline path;
vac = the average speed bRg;
V'eo(i,]) = the speed ohcp in durationd;;
\bs = the average speed bps
v+ = the free-flow speed on the original path withewatrk zones.

The updated Bureau of Public Roads (BPR) functimp@sed by Skabardonis and
Dowling (1997 is used to relate changes in travel speed teasas in travel volume
on detour route. This updated BPR-type model preslinetter fit to real-world data
and simulation results than standard BPR functgpeeially when volume-to-capacity

ratios exceed 1.0.

o Y/ V a=0.20, Eq.3-51
Veo (s ) = L= < b=10

L+a(0” _1+{Ql<i, DR 0)+Q.0) + 66 j)}b

D
CCD

where, vcp = the adjusted free-flow speed on detour route;
Gp = the capacity of the detour route;
X = Volume/Capacity ratio;
a = coefficient in BPR fuction;
b =exponentin BPR fuction.
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To consider the effects of signalization on arterial detautes) the free-flow speedp
should be adjusted to include delay due to the presendégnaisunder low-volume

conditions.

Leo Eq.3-52

VCD -

LCD /VmCD + ns |Evs

where, Lcp = length of the arterial detour route;
\inep = Midlock (speed-limit) free-flow speed on detooute;
n  =the number of intersections and stop signs atlatgur route;
w = the average waiting time passing intersectiomsséop signs along detour
route.
(2) Original Flow on the Detour

The original vehicles on the diversion route woaldo increase their travel time
because an increase in traffic will result in sloilew. When a detour strategy is
applied, the delay of the original flow on the detas affected by the diverted flow,

can be obtained from the following equation:

Eq.3-53
Lo _Leoyg i jya,
Ve (1, 1) Vep

where,ty(i,j) = the travel time along detour route durifg
tgs = the original travel time along detour route immal condition;

DG, ) = (ta G, 1) ~te Qs (0, )y =(

3.7 Traffic Diversion M odel

As discussed in Section 3.3.2 “Demand Adjustmehg,diversion rate can be entered
as an input parameter, and it can also be a resatt embedded diversion module in
which diversion rate hinges on the difference betwthe travel time on the mainline

route and the detour route. This section presdmisetapproaches to obtain the
diversion rate[f’) during time periodl;, depending on how travelers’ route-changing

behavior is taken into account (System Optimiza@ssignment, Discrete Choice
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Model and, and User Equilibrium assignment). The tréwe¢ estimation model is

based on the following simplifications:

« The diverted fraction is constant within each time periotidjni

» Upstream volumes on mainline and detour routes are/kno

* Anatural diversion rate is pre-specified. Its defaaltie is zero;

» The diverted traffic volume will not exceed the capacitiethefroad exiting
and re-entering the mainline route (e.g. off-ramp amgamnp). Therefore, a
maximal allowed diverted volun@, maxiS given as an input parameter;

* It is assumed that the traffic flow will pass the work zona avéh current
speedv(i,j-1) and that the traffic will regain the free flow speed agftassing
the work zone area.

» The travel time increases due to the excessive demandinlineand detour
routes are estimated through the updated Bureau of PRbkxls (BPR)
function Skabardonis and Dowling, 1987

* The travel speeds on the links connecting mainline anchatiee routes are

considered as constant.
(1) Travel Times on Mainline and Detour
The travel time on the mainline, denotedth(i,j) is estimated by summing up the
travel times passing the section upstream of the bottletiexkyork zone section, and

the section downstream of the work zone. The travel timta® detour route includes

the time accessing the parallel alternative road, the time spehe@lternative road,
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and the time going back to the mainline. The mainline atalidéravel times can be

obtained from Eq.3-54, Eq.3-55 and Eq.3-56.

tn(, )= f,(p) Eq.3-54
.. o . by
by [QEDA-P G+ REI-D), L L
Vi c, () v, (] =D v
where, Ly, =length of the mainline section upstream of thekvamne;
L =length of the work zone section;

Lma = length of the mainline section downstream ofwtloek zone;
V; = free flow speed on mainline;
V= work zone speed on mainline;
@ = original traffic flow using mainline route;
g = the number of vehicles waiting in an existing ugie
a, w = updated BPR function parameters for mainline links;

. : L L . Eq.3-55
ta(i,j) = f(p) =2+ 22+t (i, j)

AC DB

tep (. ) = f5(P) Eq.3-56

Lo _ Leo [Ehag [ﬁqa, P 1)+ Qi i) + 0 —1)ﬂ

Ve (1) Veo

CCD

where, Lac = length of the link connecting the exit ramp ahe &lternative road,;
Lco = length of the alternative road;
Los = length of the link connecting the alternatived@ed the entry ramp;
Vac, Ven, Vo = free flow speed on links AC, CD, and DB;
Ccp = capacity of the alternative road;
Qu, @ = original traffic flow using mainline route andeinative road;
6 = the number of vehicles waiting in an existing ugien the alternative road;
&, s = updated BPR function parameters for the alteveatad,

Once the predicted travel time on mainline and wetoutes,ty(i,j)) andtq(i,j), are
obtained, the actual diversion raté,j) can be calculated from the choice-based model

or user equilibrium model presented in Section23.3.

(2) Traffic Assignment Models
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System Optimization Assignment

Min  Z(p')=Q,@-p)fi(p)+QpPT,(p)+Qsfs(p) Eq.3-57

User Equilibrium Assignment

Min  Z(p') =|f,(p) - f,(p) £q.3-58

Choice-based Model

p=p if f1(p)= f2(p) £Q.3-59

'=1-(1- p) L .
a P L+ expl0.1416(f,(p) —t,) + 0.1054 if f1(p)> f2(p)

SO and UE assignments are solved in numerical Wate that all the above three

models are subject to maximal allowed diverted nmiconstraint.

P <Quma/Q

3.8 Comparison of Simulation and Analytical M ethods

To test whether the analytical delay estimation eh@dn provide satisfactory results,
experiments are conducted to compare use delaysila@d from the proposed
analytical model with those obtained from simulatmodel for a 1-mile long work

zone with one lane closed on the I-83 SB segmd&.\Wiork zone duration is fixed to 6

hours while the work zone starting time ranges f@0 to 23:00.

In this case study, traffic flows are time-varyidgring a day. Two scenarios with
different traffic congestion levels are analyzeADN in Scenario 2 is 1.5 times higher
than the baseline AADT in Scenario 1. Hourly Trai#blumes in the two scenarios are
provided in Table 3-4 and Figure 3-15. Truck petage is 10% and the work zone

capacity is 1344 vphpl.
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Table 3-4 Hourly Traffic Distribution in Two Scenarios

Hours % of AADT =19528 AADT=29292 Hours % of AADT =19528 AADT=29292
AADT | Baseline Volume| High Volume AADT | Baseline Volume| High Volume
00-01 0.79% 155 233]12-13 6.51% 1271 1907
01-02 0.38% 74 111]13-14 6.39% 1248 1872
02-03 0.38% 74 111]14-15 6.39% 1247 1871
03-04 0.37% 73 110]15-16 7.43% 1451 2177
04-05 0.80% 156 234]16-17 8.31% 1623 2435
05-06 1.85% 362 543]17-18 8.51% 1662 2493
06-07 3.88% 757 1136]18-19 6.75% 1318 1977
07-08 6.27% 1225 1838]19-20 4.44% 867 1301
08-09 6.50% 1270 1905]20-21 3.24% 633 950
09-10 4.93% 962 1443]21-22 2.67% 521 782
10-11 4.92% 960 1440]22-23 1.90% 372 558
11-12 5.20% 1016 1524]23-24 1.18% 231 347
3000 . -
= —e— Scenario 1: Baseline Volume
o . .
S 2500 — _a Scenario 2: High Volume
(]
IS
E 2000
o .
i 1500 L Work Zone Capacity
S 1000 |
'_
>
S 500 |
o
T
0
O O O O O O O 0O OO0 OO0 O o OO0 Ooo o o o o o o
Qe 2 2 2 9 e e 2 2 9 e 990 29 Qe e 9 e 2 o
O 1 N M < 1D O 0 OO0 O+ N M < 1D ©O~ 0 O O 1 N ™M
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Figure 3-15 Hourly Traffic Distribution in Two Scenarios

Table 3-5 shows the user delays obtained from simulatnohthe analytical model.

The corresponding running times are also listed in this table.
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Table 3-5 Estimated User Delay with Different Work Zone Starting Time

Baseline Volume High Volume
Work Zone Simulation Model Analytical Model Simulation Model Analytical Model
Starting Running Running Running Running
Time Total Delay Time |[Total Delay Time |TotalDelay Time [Total Delay  Time
(veh.hr) (sec) (veh.hr)  (millisec) | (veh.hr) (sec) (veh.hr)  (millisec)
0:00 21.77 7.90 451 <1 54.74 15.79 9.47 <1
1:00 29.36 8.46 15.11 <1 73.80 19.54 36.69 <1
2:00 44.33 9.58 49.28 <1 297.72 26.81 435.88 <1
3:00 60.07 10.86 86.64 <1l] 1180.74 47.25| 1441.55 <1
4:00 78.33 12.48 106.87 <1] 2358.92 73.71] 2632.65 <1
5:00 93.70 14.15 126.49 <1l] 3600.44 100.97| 3931.07 <1
6:00 104.16 15.74 146.76 <1 5127.99 135.26 5466.70 <1
7:00 127.36 17.50 173.71 <1l] 7303.24 189.90| 7624.13 <1
8:00 141.77 19.09 175.41 <1l] 7025.90 182.82| 6701.08 <1
9:00 155.73 19.89 171.65 <1 5993.55 176.71 5427.27 <1
10:00 192.63 20.08 267.53 <1l] 8541.31 255.19| 8317.22 <1
11:00 437.15 22.79 586.25 <1] 11565.66 398.40| 12645.50 <1
12:00] 1054.59 29.50] 1229.27 <1| 12463.96 504.98| 16756.40 <1
13:00f 1722.91 36.36] 1904.79 <1] 12562.29 544.54| 17404.80 <1
14:00] 2188.55 40.92] 2266.15 <1] 12629.57 568.18| 17583.10 <1
15:00] 2270.32 40.88] 2262.28 <1| 13008.43 530.66| 17011.00 <1
16:00] 1721.66 33.53] 1713.74 <1] 13094.51 402.36] 13440.60 <1
17:00 817.53 21.71 703.26 <1l| 8490.45 221.10f 7194.98 <1
18:00 121.58 12.53 80.04 <1] 2285.93 66.87| 1551.67 <1
19:00 29.82 9.57 36.31 <1 193.62 21.18 86.82 <1
20:00 12.86 7.51 19.37 <1 32.50 14.02 44.76 <1
21:00 8.48 6.77 10.87 <1 17.08 11.46 24.62 <1
22:00 7.08 6.59 5.37 <1 16.46 11.46 11.55 <1
23:00 14.31 7.36 3.18 <1 32.83 13.82 6.39 <1

The user delay results for Scenario 1 are comparedyurd-B-16 (a). It can be seen
that user delays increase sharply when the lane closawmesoin the afternoon peak
hour during which traffic demands exceed work zoneciéyp The analytical results

are close to simulation results and the trend lines aresaim® same.

Figure 3-17 (a) displays the obtained user delays fen&@ 2 with higher traffic
volumes. The changes of delays become more sensitihe work zone start time.
Placing work zone in morning peak hour or after peailir lwould result in severe
congestion. The analytical results fit simulation results wekpicavhen work zone
starts from 11:00 to 16:00. In these cases delays obt&ioedCORSIM are fairly
insensitive to starting time and the results are much lowerathalytical results. After

checking the output file and simulation animation of these qumedtie four cases, we

86



notice that extremely long queues (more than 11 miles) smdhspill back to the
entrance node. As discussed in Section 3.5.6, CORSiMable to record delays of
those vehicles blocked from entering the network at thetieduled time and this
limitation leads to the underestimation of user delays in ovaragad conditions. This
finding indicates CORSIM results may not be precise fosg¢hthad” work zone

schedules that may cause unacceptable queue spillback.

Figure 3-16 (b) and Figure 3-17 (b) show the standaxdation of simulation results
with different random seeds in both scenarios. It is alsvithat the variability of
simulation results increases with the traffic congestion I&ed.running times needed
to obtain the results are compared in Figure 3-16 (cjande 3-17 (c) for Scenarios 1
and 2, respectively. The simulation time is highly relateiéanetwork size and traffic
congestion level and it ranges from several seconds tadusdf seconds in this case
study. The analytical model obtains a result within 1 milbsecfor all cases and the
computational time is insensitive to the traffic congestion leVhke variation of
standard deviation and running time with different waske schedules indicates that
the higher the traffic congestion level, the more simulatemtications are needed to
obtain a statistically significant result and it takes longer timecdmplete one

simulation replication.
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Figure 3-16 User Delay Estimation Results with Varying Work Zone Starting Time (Scenario 1)
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Figure 3-17 User Delay Estimation Results with Varying Work Zone Starting Time (Scenario 2)
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This experiment demonstrates the performance ofritygoped analytical model. It is
able to quickly estimate work zone delay with a satisfacpoegision if important
input data, such as work zone capacity and work gpeed, are accurately provided. It
has to be noted that the analytical model is established lo@sa series of simplifying
assumptions for a typical simple network in which the linksdetour path are
aggregated. It may not be applicable in a complex né&twworwhich detailed
representation of network geometry, traffic characteristidsteaific control plans is
required to investigate vehicle interactions with surroundingir@mment and

network-wide impacts.
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Chapter 4 Short-term Work Zone Decision Optimization
Based on Analytical M od€l

To search for the optimal or near-optimal combination iital work zone decisions,
two mathematical optimization models are developed for shoetion low-intensity
and long-duration high-intensity maintenance projects,ratgg. The latter model is
derived from the former one, taking account of thégaee characteristics of the traffic
volumes and the work zone recurrence in real world. dptenization target is to
minimize the one-time work zone cost, assuming all decismhs optimized have no
or equal effects on long-term pavement performanct®fmaintained roadway. A

heuristic algorithm is proposed to solve the optimizationlprab

4.1 Problem Statement

Work progress in a highway maintenance project can dewed by providing

additional traffic lanes (e.g. strengthening and widening stheulders along the
interstate through the work zone), by designating an aligenroute or by providing

appropriate lane closures. Although full closure with theafisglditional traffic lanes

would be the ideal solution with regard to safety, wdficiency and traffic impact, it

requires large investment and thus is only limited to majasngcuction projects.

When traffic disruption is unavoidable, lane closuresshtavbe carefully designed in
order to provide adequate traffic mobility as well as simaperation of maintenance
activities. To aid the decision makers in accomplishing thibestgang task, this study
develops an optimization model to automatically idenfity tlosteffective work zone

management plan in addressing safety, mobility, cortstoiity, and economy issues.
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Using the one-time total work zone cost, including the ageost and road user cost,
to measure the effectiveness of work zone managemants, phee optimization model
searches for the best plan that minimizes the total wonk post while satisfying
various constraints, such as project deadline and maxitolerable traffic disruption.
In this study, the decisions considered in a candidate wamk management plan

include:

(1) How should the road section be divided into work zoés® long and wide

should each work zone be?

(2) At what times should the lanes in each work zone be alasd reopened to

traffic under time-varying traffic inflows?

(3) Does a traffic impact mitigation strategy, such as acdelgraf project

execution or diverting traffic to alternative routes, deseats additional cost?

The above work zone decisions are selected to be joiptiynized for several reasons:

(1) As discussed in Chapter 3, work zone configuratiare dosure schedule, and
traffic impact mitigation strategies can significantly influetize one-time total
work zone cost. Consequently, good decisions can natadilize the total work

zone cost;

(2) Accelerating work and detour strategy are two of the rfresjuently used
traffic impact mitigation strategies. The former focusesconstruction side
while the latter is a typical traffic management strategy taatoonsiderably

change the demand pattern;
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(3) These decisions are highly correlated;

(4) The planner have control over these decisions;

(5) It is difficult to manually find the optimal answers due to lssghlition space.
To model the above defined optimization problem, the follovaegumptions have

been made:

(1) The lane closure type of each work zone is selected &wset of pre-specified
alternatives (e.g. partial closure, full closure or croegp¥ach of the lane closure

alternative provides a unique combination of three paramete

the number of maintained Ianeﬁ,vtl),

the number of access lanég ), and

the number of usable lanes in opposite direction fasstreer operatior\g ).

a binary variable indicating whether detour strategy igleyed 0,)

Note that in practice the lanes to be maintained are usidaihtical along the
longitudinal direction and thus it is assumed that the numberaintained lanes

(Nw) is uniform for each work zone.

(2) The time and cost required to complete unit maintenanck eaor be affected by
type of work (e.g. asphalt overlay or full depth reptaeat), pavement material
(e.g. concrete or hot-mix asphalt), pavement thicknegs §e.10, or 12 inches),
construction methods (e.g. sequential method or concurehbn), and resource
combinations (e.g. labor or equipment). It is assumed bhde@sions influencing

pavement service life, such as the type of work, pavematerial and thickness,
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are given. All the decision variables considered in thogleh have no impacts or

equal impacts on long-term pavement performance.

(3) It may be worth spending more on supplying additionaleimental resources of
manpower and equipment in order to accelerate the mamte work and hence
reduce the traffic impacts. Usually faster work requingger cost. Therefore,
time-cost tradeoff, represented by a set of workopt®ns shown in Figure 4-1 is
considered in work zone optimization. Each work rateoopyives a unique pair of

parameters:

« the adjustment (%) of cost required to complete unit lengthk @g,");
« the adjustment (%) of time required to complete unit length\(is").
The actual production rate when implementing opkipoan be obtained by the

following expression:
z,=2,(1+3}) Eq.4-1

z,=2,(1+3;) Eq.4-2

(4) Assuming that maintenance work is performed cowotisly and all lanes are kept
open when no work takes place, work zone lengjicén be derived from work
duration D) given lane closure type and work rate, as shawiq.4-3. The
relationship between work zone length and dura@hown in Figure 4-2.

D-z Eqg.4-3

L=L,+L, =L, +
Z4 H1+ f4 ENa) |:Nw
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where, L =the work zone length;
Lk = the fixed setup length;
L, = the variable work space length;
D =the work zone duration;
z = the fixed setup time;
z = the unit work time per lane-length;
N, = the number of maintained lanes;
N, = the number of access lan®&a£N-Ny);
i = the multi-lane operation efficiency factor;
R A A ——  Mobilization
7 . —  Demobilization
o) Option 1 L
(&) ) w .
R " g Work Rate Option 1
@ | Option 2 g _
§ . o - Work Rate Option 2
£ = |
3 Option 3 Q .
= = Work Rate Option 3
:'é‘
) ‘ > R
Unit Maintenance Time z« D Work Time'
Figure 4-1 Work Rate Options Figure 4-2 Work Progress with Different Work Rate

(5) Work zones are sequential over time and maintenanceisvoridertaken only on

one work zone at a time (Figure 4-3).
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The optimization model is developed for work zones on a multiple-lane two-way highway with
a detour, as shown in

(6) Figure 4-4. The road capacities of the maintained roadamighvithout work zone,
the detour capacity, and the traffic demand along maialgedetour under normal
condition are given. Under normal condition without workes the entry inflows
do not exceed the roadway capacity. Traffic demangyaver time. An hour is

used as a duration unit in which traffic inflows stay appedely constant.

A Q2 B
Q2 « - e D Q2
Q1 > > > Qi
Mainline (1-p)Q1

pQ1 pQ1

Detour Q3+pQ1

Figure 4-4 Study Network

96



(7) Traffic management strategies, such as detour stratebgapacity improvement
tactic, are considered in the optimization model. A candittattc mangement

strategy is defined by the following four parameters:

The fixed employment cost per zofte®,

« The average additional cost required per unit fiafe

« Demand management type ): fixed detour fraction =0), system
control (U=1), use choiceu=2), or user equilibriumy=3);

e Adjustment of traffic diversion percentagﬁ,kﬁ (%) if the demand
management type is “fixed detour fraction”;

* Adjustment of the work zone capacity (%);

» Adjustment of the detour capaciiy(%);

(8) The user’s time value is represented by a constantgevexst per vehicle hour,
which is the weighted average cost of driver and passersgr time for different

vehicles (passenger cars and heavy vehicles).

4.2 Decision Variables

On a multiple-lane two-way highway, a pavement surfade tfne-mile is planed for
maintenance within a given time peribdY types of work zone operation and traffic
impact mitigation strategies are considered for employmethis project. Each type
of strategy hak, options y=1,...,Y). For example, there might Bg lane closure type
alternative,K, work rate options, an&s detour strategies available for selection.

Therefore, the decision variables include:

* The number of work zonems;
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* The starting time and ending time of each work mredE; (i=1,2,.. m);
 The index of the selected option of work zone operationtraific

management alternatives (e.g. lane closure type, workogten, and

detour strategy employed in each work zor€)=[k,; K, ,...... ;]

(i=1,2,..m, kO{1,2,..., K}, k{1,2,....K},.... k{1, 2,....K}).

For the sake of presentation, the decision varsablepresenting work zone

characteristics are grouped into the following vect

>_<1 1 kl,l k2,1 e kY 1
O B T A PR P
”m Sm Em kLm kz,m "'kY,m

4.3 Objective Functions

4.3.1 General Objective Functions

The optimization objective is to minimize the totaktCy for the maintenance project.
The total cost is the sum of the direct monetamnag cost and indirect user cost. In
our proposed model, four types of constraints aresiclered in optimizing work zone
decisions: (1) the total amount of work, (2) theat@uration of the project, and (3) the
maximal allowable queue length in work zone ardee Tathematical optimization

model is formulated as follows:

M 1-1

Objective:
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Min  C, (m X)=Y[Cy, (X)) +Cy, (X)]

=Zm: (Cu (X)) +Cs; (X)) +C, (X)) +Cp (X)) +Cy (X)) +C, (X))
(Ei -S )~ Z
z,(L+ 55 )(1+ T, INE)

=3[z, + 2 @+, IN) ]
YA+ B UE - S)]

W, lE.(SHl -E)

o 7 0"+ D* () + D O)c

£ [S{VI0- PO +bIQ, 0] + VAL, POQ () +v, D] (B}t

+Zl‘, J-:l YeVe D (t)dt

Subject to:
E.< S< E (1)
(Em-S)< Dr (2
(E-9>23 z,=2,(1+7}) (3)
i I‘Wi NWi = I‘T (4)
i=1
max{q(t)} < Gy (5)
where,

Ca; = Agency Cost of thé" work zone;

Cu, = User Cost of thé" work zone;

Cwm; = Agency Maintenance Cost of tiftwork zone:

Cs,; = Agency Traffic Mitigation Cost of thi" work zone;

C.; = Agency Equipment/Labor Idling Cost of tHzwork zone;

Cp, = User Delay Cost of thi work zone;

Cv; = User Vehicle Operating Cost of tHework zone;

Ce,; = User Expected Accident Cost of tifework zone;

z; = The fixed setup cost per work zone;

Zz = The fixed setup time per work zone;

b2 k2i= The unit length maintenance cost with work ratgoogk,; used in zong
z4k2~i= The unit length maintenance time with work ratéapk, used in zong
f, = The multi-lane operation cost saving factor;
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f, = The multi-lane operation time saving factor;

N, “®'= The number of access lanes with lane closure oftiosed in zong,
p1*!= The fixed employment cost of detour optiused in zong

S, = The unit-time employment cost of detour optigused in zong

D; = The duration of zone

vi = The averageost of idling crews and equipments

Vp = The average value of time per vehicle;

Vs The average VOC per speed change cycle;

Vg The average VOC per unit distance;

Vq = The unit queue idling VOC per vehicle;

Ve = The average cost per crash;

ye = The estimated number of crashes per 100 millidncle hours of travel;
b® = The binary variable representing whether crossoperated in zong
ALy = The difference between the travel distance on thielime and on the detour;
D™(t) = The delay of the traffic on the mainline at thedi;

DYt) = The delay of the original traffic on the detoutts timet;

DP(t) = The delay of the traffic diverted from mainlinett® detour at the tinte
Dy"(t) = The queuing delay of the traffic on the mainlin¢he timet;

Qu(t) =Time-varying traffic flow volume in mainline diréon 1,

Q(t) =Time-varying traffic flow volume in mainline dirgon 2;

p (t) =Time-varying traffic diversion rate;

g(t) =Time-varying queue length.

The detailed formulations of the cost components and dstayaions can be found

in Chapter 3, and are not duplicated in this chapter.

It can be seen that the total number of variables requiregtesent a feasible solution
is (6m+1), including one integer value type decision variaBhareal value type and
4m option-type decision variables. The maximum numberakwonesny,,x can be
derived from Eq.4-4. Obviously, the longer the project itaat; the larger the solution
space. Therefore, this general optimization model is morebtiifar short-term

maintenance projects which can be completed in seversl day

D.-L [T . Eqg.4-4
mmax :|‘ T T 4,m|nJ
Z3

The formulation of the objective function indicates that @lgencies costs increase

linearly with the number of work zones and the total idtinge while the user costs
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depend highly on the timing and the lane closure typeach work zone since the
former reflects traffic demand level and the latter detezmihe remaining roadway
capacity. Idling time would be beneficial if the additional idliegst can be
compensated by the savings on user costs to be obtaynasloiding high traffic

periods and closing lanes during low traffic hours.

4.3.2 Modified Objective Functionsfor Recurrent Work Zones

In practice major maintenance activities such as 4R (Resod, Restoration,
Rehabilitation and Reconstruction) projects are usually pedd in repetitive time
windows considering the periodic characteristic of traffievé and lane closure time
restriction. From a transportation agency’s point of viepetitive operations may
reduce work zone traffic impact because of increasedrdamiliarity and adaptability
to the lane drop conditions. From a contractor’s pointeMworker may speed-up the
operations through learning from recurring practice.rétoee, for major freeway
repair, rehabilitation, and reconstruction, work zone dtarstics and associated
traffic management strategies are often recurrent fl@ayrto day or from week to week
as demonstrated in Figure 4-5. In these cases it isisaffto analyze a cyclic period

Dt (e.g. a typical day or week) of work for their traffiopact.

To accommodate implementation requirement of recurring \wornle operations, the
total work zone cost is calculated as the product of the nak cost per cyclic period

and the total number of periods needed to accomplismé@enance work:

M 1-2
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Objective:
Min C,(m,X)=C.(m, X)%

T

Subject to:
ng Ei—lS SgE ~le (1)
(Em - S) < Dr )
E-9>1z (3)
' . . m 4
L, b L, <L, wherel; =>'L,.N,, “)
DT i=1
Max{q(t)} < Gy (5)
A
1 Day 2 Days
2
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(a) General Work Zone Schedule
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=
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(b) Recurring Work Zone Schedule
Figure 4-5 General and Recurring Work Zone Schedules

With the modified objective function, the numberdetkision variables is reduced from

(6m+1) to 6m+1) while the maximum number ofi is reduced fronMinaxto M max

D. Eq.4-5

It has to be noted that this modified optimizatrandel for recurrent work zones is

valid only when the following conditions are sagsi:
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(1) Maintenance activities don’'t extend across two periods. \&orlkes must be

removed before or at the ending time of each period.

(2) The resulting traffic impact cannot be carried from oeeqa to another. That

is to say, queues, if any, should be cleared at the etidiegf a period.

(3) The idle time between the last work zone in a period anfirgtevork zone in

the next period has to be taken into account.

(4) The planning time horizon or the objective lane-lengtthefgroject should be
long enough to consist of multiple periods so that the differdetween two

objective functions can be minimized.

4.4 Optimization under Simplified Conditions

With both discrete and continuous decision variables, tloid v@one optimization
problem has a combinatorial nature. If all the discretasaers, including lane
closure type, diversion rate, and production rate are givehthe traffic flows are
assumed steady over time, the decision variables are cetiutee number of work
zones and the duration of each work zone since in thes tte traffic pattern doesn’t
depend on the starting or ending time. When the total lareetmibe accomplished in
the project is sufficient, the integer constraint on the rermobwok zonesn() can be
released and the optimization mode2 can be simplified timtlogving problem:

“Find the best length of single work zone so that the odstinit lane-mile is

minimized.”

Model 1-3
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Objective:
C

Min c, (L) =TT

The total cost of a work zone in whidh lane-miles of maintenance work are

completed can be expressed as:

L ) Eq.4-6
C,=R+PRL+ P3(N_ +L)(z, +z,L) +P,(z, +Z,L) + RBy(z, + Z,1)
where,
Pl =z + 181 + /8223 Eq.4-7
P2 =7 +15224 Eqg.4-8
Eq.4-9
1 1 1 1 1 1
P, =(vp +V — ——)+b,Q,(— —— )y (vV———
2 = (Vp E}/E)[lel(VWl Vfl) ,Q, (VW2 Vf2)]{( v, Vf2)]}
_ Q Q? Q Q Eq.4-10
P4 - (VD +VEyE)[b1Q1(X1 X, i X é) + bZQZ(Xl X, C_sz X5 C_ngz)
L L L L L L
#,Qy (5~ ) +0,Q, (A L+~ )
cD cD AC cD DB AB
+Vs(b1Q1 + szz) +Vde(LAC + LCD + LDB - LAB)
-C -C Eq.4-11
Py = (Vo +Veye +Vy)lb, max0 %= Cu) g s B =Cu),
2 Cfl _Ql
+ b2 maX(O, (QZ _CWZ) (1+ QZ _CWZ ))]
2 sz _Qz
1 it Q>0 Eq.4-12
o= 0 else Q =0
_ 1 if NC >0 Eq.4-13
|0 else N, =0
B 1 if Qp >0 Eq.4-14
* |0 else Q, =0

Here Py, P,, Ps, Py, and Ps represent the contributions of the fixed agencst,conit
agency cost, moving delay cost, systematic delay almng with detour delay cost,

and queuing delay cost, respectively.
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Note that the demand€){, Q. Qs, Q,), capacities Gwi, Cu2, Cn, Co, Ccp), and
time-cost parametergi( 2z, z, z) used in the above expressions have been updated
according to the given diversion fraction, lane closype tand production rate. The
traveling speed through work zon€,(,Vi.2) and the average speed on the detour

(V cp) are calculated with the speed-flow model developed iptgha.

Vvvf _g_l(\/wf _qu) If Ql < CM
wil

V,, = Eq.4-15
Vi else
Q, :
V,, ——2(V,, -V,,) if Q,<C,
V,=1" ¢c, " a olse 2 2 Eq.4-16
Vig
: V,
VCD_ CD -
1+a[Qp+Q3} Eq.4-17
CCD

By dividing the work zone cosCf) by the lane-milel(), the unit cost per lane-mile
can be expressed in Eqg.4-18. The global optimurthisf simplified unconstrained
problem can be found at a stationary point, whieeefitst derivative of the objective
function is zero. From this analytical method, dpimal work zone length and the

corresponding duration can be obtained by Eq.4A2i0Ex.4-21.

_ P +PL+PL®_P

c (L) =C—LT C :Tl+P2' +P,L Eq.4-18

% - _% +P =0 Eq.4-19

G \/ R+(PL, +P)z,+RZ 0,420
P, P,z,/N,+RZ

D =z+zlL Eq.4-21

where

P =R +(RL,+P)z +RZ Eq.4-22
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P, =P, +P(z/N, +zL)+Pz,+2Rzz, Eq.4-23

P,=Pz, /N, +PRZz Eq.4-24
4.5 Optimization Algorithm

The work zone decision optimization problem defimedhis study seeks to find the
best zone division plan, the corresponding statimg and ending time of each zone
as well as the combination of available traffic aopmitigation alternatives employed
in work zone operation. Thus, there are three idalssperation research problems
embedded in this study, the cutting stock probldm, scheduling problem and the
knapsack problem, which are well-known NP-hard coatiorial optimization
problems. In addition, the traffic volumes alongimiiae and detour routes, denoted as
Qu(t), (1), and Q(t), are difficult to model as differentiable contirusofunctions of
time since traffic volumes are discrete data vayymer time in reality. Although a
closed-form expression for the objective functienprovided through numerical
calculation of the user costs, the complex and d¢oatbrial nature of the mathematical
formulation precludes conventional analytical siolut algorithms, such as the
branch-and-bound method developed for the mixeggert programming problems.
Therefore, a heuristic algorithm called two-stagelifled population-based simulated

annealing (2PBSA) is proposed to solve the optitidngoroblem.

4.5.1 Basic Concept

Simulated annealing (SA) is a stochastic computatidechnique derived from
statistical mechanics for finding near globally ioptm solutions to large

optimization problems. The SA algorithm exploit® thnalogy between annealing
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solids and solving combinatorial optimization problems. ThEgmborhood search
algorithm attempts to avoid getting trapped in a local extdeyneometimes moving
in a locally worse direction with the purpose of sacrificaingrt-term fitness to gain
longer-term fitness. Through rapidly modifying solution stiwe within the model,

SA often finds high quality candidate solutions in doiefined searches inside

prominent regions.

However, when solving realistic problems with a large nunadfgrarameters and a
great complexity, a great deal of work may be requuweeach this neighborhood. For
example, when the construction work is allowed in a long-@unation such as a
whole week, there may exist several local optimal solutionk as 8-hour off-peak
daytime windows, 10-hour nighttime windows, 30-hour kerel windows. Suppose
10-hour nighttime windows are the optimal solution. It may takich time for SA to
jump out of other local optima and get close to globally ogitisolution, especially

when the initial solution is far from it.

Genetic algorithms (GA) are a particular class of pomnabased evolutionary
algorithms (EA) that use mechanisms inspired by biologiealuéion, such as
inheritance, mutation, crossover, and selection. Since tileaon of GA operators
may generate a large jump in the solution space, GAsehalyamic” advantage with
large possibilities of novel search but nevertheless arev@lbsuited for finely tuned

local search.

To overcome the limitation of SA and SA while retainingrtisérengths, a two-stage

population-based simulated annealing (2PBSA) is developedlve the work zone
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decision optimization problem where numerous local optiredikely to occur. The

basic idea is to introduce population-based search, elmshcrossover operators in

GA into SA so that SA can improve its performance bygasing the solution diversity

in the search space.

The procedure of the population-based simulated anneffB&A) algorithm is

summarized in Table 4-1.

Table 4-1 Population-based Simulation Annealing Algorithm

X =Initial solution seiXy;
T =Initial temperaturdy;
While (T>Ty) {
For(=1;i <N;i++) {
X =Modified solution of thé™ solutionX;;
A = C(X;)-C (X);
If (A<O){
Xi=Xi;
}

Else{
Prob=min(,e
a = random(0,1);
If (o< Prob){

AITy.
);

/lInitial solutions

/lInitial temperature

//Check stopping criteria
//Process each solution

//Modify solution

//Calculate energy change
//ICheck if improved

//Accept new solution if improved

//Otherwise

/IGenerate acceptance probability
//Generate a random variable
//ICheck if acceptable

X=Xi; //Accept new solution if acceptable
}
}

} * *7

X=X"; //Update elite archive

T=T-AT; //IReduce temperature
}
ReturnX’; /IReturn the results
STEP1:

Generate the first-generation populatwith the population size ¢. Evaluate each

solution X; and then obtain its objective function valG€X). Record the besN’

solutions in the first generation into an elite archivewhereN’ is the size of the elite

archive.
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Set the values of start temperatuig stop temperatur@;. and step size of the

temperatur@T. Initialize the current temperatufeto To.
STEP2:
As long as the stopping criteriolm<(T;) is not satisfied, perform the sub-steps.

STEP 2.1: Modify of the solutionX; in the current population to obtain modified
solution X;. A check procedure is used to ensure the feasibilitthef modified

solution.

STEP 2.2: Calculate the objective function value and the differendevden the
objective function value of modified solution and the omdjisolution and value for

every solutiom = C(X;)-C (X). If, A<O go to step 2.4. Otherwise, go to step 2.3.
STEP2.3: (A>0) Accept the modified solutioX; with the probability exp@/T).
STEP2.4: (A<O) Accept the modified solutioK; with the probability 1.

STEP25: If i<N, i=i+1, goto STEP 2.1. For each candidate solution in thergurre

generation, repeat the above steps.

Else ifi=N, then update the belf best solutions in the elite archiXeand reduce

temperaturd =T-AT, and go to STEP 2.1.
STEPS:
Output the best solution(s) ever found. Transmit this solatidhis group of solutions

to the next stage.
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There are two stages in this newly-developed algorithrehag/n in Figure 4-6. The
first stage is initial optimization. In this step, a populatioedaasearch procedure in
combination with the annealing technique is employed to obtainitzally optimized
solution after a wide search in the relatively large solwgpmace. This stage will focus
on searching for the best zone division and scheduling plgiven number of best
solutions ever found are saved in an elite archive andatiegyrovided to the next stage

as initial solutions.

The second stage is refined optimization. In this step, the papulation-based search
procedure (PBSA) algorithm is applied with a smaller paipah size and elite archive
size than in the first stage. We seek to use this neibbbd search algorithm to find
high quality candidate solutions in doing refined searchgsienprominent regions
provided by the first stage. The second stage puts effands on finding the optimal

traffic impact mitigation strategies.

The procedure of the population-based simulated anneffB&A) algorithm is
described in detail in the next section. The PBSA used in tages differs in the
population size, elite archive size, initial solution generatimethod, and

neighborhood solution generation method.
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Stage 1 Stage 2
Initial Optimization Refined Optimization

v

> Initial Solutions
PBSA
PBSA
Best Solutions

in Elite Archive

Final Solution

Figure 4-6 Two Stages in the 2PBSA Algorithm
4.5.2 Algorithm Procedure

4.5.2.1 Initial Solution Generation

Initial solutions are generated by imitating engineersigeprocess. The first step is

to identify all off-peak time windows during which the Volumaf@city ratio is less

than a pre-specified value, as shown in Figure 4-7. Wt zone schedule of each

initial solution is then randomly generated according tddhewing rules:

(1) Work zones are sequentially scheduled in all off-peale tmndow within the
analysis periodTs, Tg;

(2) Work zones are scheduled only in off-peak time windovii the lowest average
traffic volume;

(3) Work zones are scheduled only in the off-peak time wxivelwith the longest
duration;

(4) Work zones are scheduled in randomly selected time wisido
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Figure 4-7 Time stage Identification

For each work zone in an initial solution, randomly selbéet discrete decision
variables, which are IDs of each work zone strategg.tyince all continuous and
discrete decision variables are determined, necessargctérdstics are known for
each work zone in an initial solution. In order to imprake quality of an initial
solution, the optimization model under simplified condition (Mdd8) is applied for
each work zone in the initial solution using average traffarmation during the time
stage. Based on the best length and duration obtaiodHEq.4-20 and Eq.4-21., each
work zone can be extended or divided into multiple subsor&fter this
pre-optimization process, an initial solution is created. dioeedure to create initial

solutions in the first generation is demonstrated in Figure 4-8.

112



|dentify off-peak time stages iff§, Ts+D 1]
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Figure 4-8 Procedures to Create Initial Solutions
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4.5.2.2 Constraint Handling Method

The objective function in the modified optimization model 2 ibjestt to the
following five constraints:

(1) Work zone sequence constraint: All work zones are séigliemer time;

(2) Cyclic period constraint: all planned work zones are withinddwme cycle
period;

(3) Minimum work zone duration constraint: each work zong tkahave enough
time for the mobilization/demobilization and work zone setmpbval,

(4) Lane-mile constraint: The total lane-mile completed in opelic period
should be long enough to ensure that the project cafinisbed on time.
There is no need to complete more lane-miles than the yagemaires.

(5) Traffic impact constraint: the resulting queue length shooldexceed the
maximum acceptable queue length.

The way that the proposed algorithm generates solutidhengure the satisfaction
of the first three constraints. Two methods are usedridl@dhe violation of the last
two constraints:

(1) Repairing Method

Before evacuating a solution, the lane-mile constrainteslad. If the lane-mile
completed in one period exceeds the objective lane-miteegdroject I 1 >L+), the
solution will be fixed by decreasing the length of the farslast work zone. The

repair procedure is demonstrated in Figure 4-9.
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[ Repair Solution }

Sart
v
AL=L +L; <
No
AL>07?
Yes
i=1 i=m
T I
[ =t
L'+=L 1AL L 7=L +NuiLw
v 2
Lwi= Luwi-AL/Ny;i Delete Zone
v v
Repair Solution m=m-1
End

Figure 4-9 Solution Repair Procedure
(2) Penalty Method

If the lane-mile completed in one period is too short to deteghe whole project on
time (L 1<L+D 1/Dy) or the queue length exceeds the allowable limit (@Y 0may),
penalty costs are added to the objective function valsedan the severity of

constraint violation.

= - L Eq.4-25
C; (m, X) =Cq (m, X)L_T +Cp + Gy,
T
Cp, =4, max{0,[max@(t)) = Unarl} Eq.4-26
Eq.4-27

C,, =, max{0,(D; -~ D")}

T

4.5.2.3 Solution Evaluation and Elite Archive

In each generation, the objective function valulijctv is the sum of the one-time

work zone cost and the penalty costs, is evalumedach individual solution in the
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population. A reduction in the objective function value cqroesls to a better
solution to this minimization problem. An external archive isdut store a set of

best-known solutions, which are updated at each generatio

4.5.2.4 New Solution Generation

At each step, the current population is componet sblutiong X,, X,,---, X} and

each solution lists the characteristics of mi wookes as shown in Figure 4-10.

Si1 Si2 Si3 Si,mi

Ei 1 Ei2 Ei3 Ei,mi

K1,i,1 K1,i,2 K1,i,3 K1,i,mi

K2,i,1 K2,i,2 K2,i,3 K2,i,mi

K3.,i,1 K3.i,2 K3,i,3 K3,i,mi
Zone i1 > Zoneiz2 » Zonei3 —> —> Zoneimi

Figure 4-10 Data structure of the i" Solution

New solutions are generated from current solutitmeugh four problem-specific
operators, of which three are neighborhood-basethtion operators and one is

crossover operator.

(1) Mutation Operator 1

With a pre-specified probability, a neighborhoodution is generated from the old
solution through increasing or decreasing the thmadf a randomly selected work
zone. The increase/decrease event can occur at #ih beginning or the ending of
the selected work zone. The preceding zone, tleeteel zone, or the following zone

might be deleted or merge with each other to atogdviolation of minimum work
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zone duration constraint. The detailed procedures ar¢rdited from Figure 4-11 to

Figure 4-15.
Randomly Choose zori
Generate R €U(0,1)
pl A 4 p2 A 4 p3 A 4 p4 A 4
Increas-at-Begir Increas-at-Enc Decreas-al-Begir Decreas-al-Enc

Figure 4-11 Procedure of New Solution Generation Operator 1

{

I ncrease-at-Begin
Sart

Yes

v

S=S-AD

y

No Dele_te Zon
i+1
v
E.1=S S=Si1

A 4

I ncrease-at-Begin
End
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Figure 4-12 Increase-at-Begin Event

Sart

[ I ncrease-at-End

|

v
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Delete Zone

End

[ I ncrease-at-End

|

[ Decrease-at-Begin ]

Sart
v
S=S+AD
e
No

Decrease-at-Begin
End

Figure 4-13 Increase-at-End Event

[

Delete Zone
i

Figure 4-14 Decrease-at-Begin Event

(2) Mutation Operator 2

@ Yes

No

|

Decrease-at-End

End
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Figure 4-15 Decrease-at-End Event



With Operator 2, a new solution is obtained from an old by dividing a work zone
into two separate zones or by combing two zones to @rlanger construction

window.

(3) Mutation Operator 3
With a probability, a new solution is generated from ohthe current best solutions
ever found through modifying the alternative ID of omexmre work zone operation

and traffic management strategies in a randomly selectekizone.

(4) Crossover Operator 4

Maintaining population diversity is crucial to the PBSAs abitibyexplore different
regions of the search space and escape local optimae-fa@nt crossover operator
comes into play to create a new solution through recombimarg§ zone information

of the old solution and a randomly selected elite solutiothé external archive. A
single crossover time pointy) is randomly selected between the period starting time
(Ts) and period ending timer§). All work zone information beyond that point is
swapped between the two parent solutions. The resultingrioffsis the new solution.

The procedure is illustrated in Figure 4-16.
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Parent 1

‘Zone1,1 H Zone 1,2 H Zone 1,3 [

Zone 1,4 Zone 1,m1
e |

Parent 2
|

Zone 2,2 }—»{ ...... H Zone 2,mz ‘
Time
Ts Tc >
}‘ One Period 1‘
Generate One Offspring
‘Zone1,1 H Zone 1,2 H Zone 1,3 Zone 2,3 H ...... H Zone 2,mz ‘
or

Figure 4-16 One-point Crossover Operator

As shown in Figure 4-17, a work zo

ne in parent solutionan be shortened or

merged with another work zone in parent solution 2@saver time poinfl). Note

that the new work zone will be deleted if minimum work e@uration constraint is

violated.

Zone 1,i

‘ Zone 2 j-1 %

:)—» Zone 1,i+1
—ﬂ Zone 2 H Zone 2j+1 ‘

Te

Zone 1,i

Zone 2,j H Zone 2,j+1 ‘

Figure 4-17 Recombi

Zone 1,i
‘ Zone 21 H

:)—» Zone 1,i+1
Zone 2 H Zone 2,j+1 ‘

Te

Zone 1,i

Zone 2,j+1

nation of Work Zones

Note that the probability of applying each mutation or crossoperator is different

in two stages of the proposed algorithm. Since the first $tegses on widely search

of the solution space while the second stage seeks toufieetocal optimums
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obtained from the first stage, mutation operations are engplmere frequently in

the second stage.

4.6 Numerical Examples

In order to demonstrate that the proposed methodolagyfunction effectively in

handling work zone optimization problem, a numerical erpent is conducted
based on a hypothetical maintenance project on a segmém &nited States Route

[-95 north bound in Maryland.

4.6.1 Test Network

The study network consists of the eight-lane two-Ww8$ corridor northbound, the
parallel four-lane two-way arterial US 1, and two highwegsnecting them, MD 32
eastbound and MD 175 westbound, as shown in Figui@ 4itk information and

weekday traffic distributions on the mainline and detourtes are provided in Table

4-2 and Table 4-3. The baseline values of input parasate provided in Table 4-4.
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Figure 4-18 Study Network Geometry
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Table 4-2 Study Network Link Information

Link Length(L) # of Lanes(N) Capacity(Cy) Free Flow Speed
(V)
(mile) #) (vphpl) (mph)
AB/BA 3.1 4 2,200 65
AC 1.8 2 1,900 55
CD/DC 2.76 2 1,900 40
DB 0.6 3 1,900 55

Table 4-3 AADT and Hourly Traffic Distribution on the Mainline and Detour Routes

Hour Time Mainline Mainline Detour Detour
AB BA CD DC
Q1 Q2 Q3 Q4
0 0:00-1:00 1,052 1,220 217 232
1 1:00-2:00 758 772 149 208
2 2:00-3:00 603 694 134 215
3 3:00-4:00 603 754 134 209
4 4:00-5:00 911 1,491 172 325
5 5:00-6:00 2,049 4,237 286 562
6 6:00-7:00 3,806 6,951 517 696
7 7:00-8:00 6,033 7,554 765 1,166
8 8:00-9:00 6,724 6,171 849 1,000
9 9:00-10:00 5,624 4,475 922 872
10 10:00-11:00 4,896 4,978 822 832
11 11:00-12:00 5,001 4,619 796 889
12 12:00-13:00 5,064 4,831 1,115 1,020
13 13:00-14:00 5,108 4,725 1,034 996
14 14:00-15:00 6,119 5,344 1,003 1,003
15 15:00-16:00 7,096 5,764 1,141 1,027
16 16:00-17:00 7,444 6,395 1,302 1,072
17 17:00-18:00 7,197 7,023 1,393 1,215
18 18:00-19:00 7,013 5,735 849 728
19 19:00-20:00 5,285 4,298 556 621
20 20:00-21:00 3,810 3,636 470 522
21 21:00-22:00 2,972 3,264 347 399
22 22:00-23:00 2,377 2,853 282 291
23 23:00-24:00 1,775 1,775 251 242
AADT 99,314 99,552 15,501 16,336
Average Hourly Volume 4138 4148 645 680
Truck Percentage 5% 5% 0% 0%
8,000
T
7,000
6,000 AN ,/ \
cg 5,000 // \7 \\
GE:: 4,000 / ——Mainline Weekday Volume \
‘_>3 3,000 / —— Detour Weekday Volume \
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Figure 4-19 Traffic Distributions over the Mainline Route and Detour
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Table 4-4 Notation and Baseline Numerical Inputs

Variable Description Value

Cuw Work Zone Capacity 1340 vphpl

Vs Work zone speed limit 55 mph

Vug Average work zone speed at full capacity 43 mph

L¢ Fixed work zone setup length 0.1 mile

Sq Average deceleration distance 1 mile

a, Average acceleration rate 5.59 mph/s[l]

v Average cost of idling crews and equipments 2000 $/hr

VD_car Average value of time for passenger cars 16 $/veh-hr?

VD _trucks Average value of time for trucks 27 $/veh-hi?

Vs_car Average speed change VOC for passenger cars 0.037 $/veh.cyc|e[2]
(65 mph — 55 mph — 65 mph)

Vs_truck Average speed change VOC for trucks 0.051 $/veh.cycle[2]
(65 mph — 55 mph — 65 mph)

Vo_car Average queue idling VOC for passenger cars 1.00 $/veh.hr?

Vq_truck Average queue idling VOC for trucks 1.12 $iveh.hr?

Vg Average VOC per unit distance 0.32 $/mile®

VE Average cost per crash 142,000%/accident™

Ve Estimated number of crashes per 100 million vehicle 40 acc/100mvht!
hours of travel

lven Average vehicle length 20 feet

Qp,max Maximum allowed diverted volume 1800 vph

QL max Maximum acceptable queue length 1.5 mile

Dy’ The duration of an cyclic analysis period 24 hours (1 weekday)

Ts Starting time of an analysis period 16:00 pm

Te Ending time of an analysis period 16:00 pm next day

Dt The maximum acceptable number of periods 50 periods

MSource: Shibuya, S., T. Nakatsujji, T. Fujiwara. “Traffic Control at Flagger-Operated Work
Zones on Two-Lane Roads.” Transportation Research Record 1529, pp. 3-9, 1996
Plsource: NCHRP Report 133 “Procedures for Estimating Highway User Costs, Air Pollution,
and Noise Effects.”, 1972. All the costs factors have been converted to 2008 values by
multiplying older costs rates by escalation factors derived from the Consumer Price Index

CPI).
[3] )

Source: Rister, B. W., C. Graves. “The Cost of Construction Delays and Traffic Control For

Life-Cycle Cost Analysis of Pavements.” KTC-02-07/SPR197-99 & SPR218-00-1F, Kentucky
Transportation Center. 2002
“lSource: Chien, S. and P. Schonfeld. “Optimal Work Zone Lengths for Four-lane Highways,”
Journal of Transportation Engineering, Vol. 127, No. 2, pp. 124-131, 2001

4.6.2 Experiment Design

The task of the hypothetical project is to maintain all famek within a 2-mile long
section of northbound 1-95. With two candidate lane clogype (single-lane closure

and double-lane closure), three kinds of work zone gemant strategies are
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considered as candidate measures for reducing tnedfiacts, including accelerating
construction, guiding traffic to use alternative route tghodTS equipments and
employing advanced merge control system. The alternaiivesch candidate strategy

are listed in Table 4-5.

When testing the optimization model, we give special atierit the following four

scenarios:

Scenario 1: High volume traffic level, high intensity wénlo detour control)
Scenario 2: Low volume traffic level, high intensity work @etour control)
Scenario 3: High volume traffic level, low intensity worlo (@etour control)

Scenario 4: Low volume traffic level, low intensity work (@etour control)

The baseline traffic volume provided in

Table 4-4 is considered as high volume level while #mestraffic distribution with
60% of the baseline AADT is used in low volume level saesaiVork intensity is
measured by the amount of work to be done in unit &feaally, the higher the work
intensity, the more worker and equipments are need#teiwork zone and it takes
higher cost and longer time to process unit area of rapdliihe work intensity highly
depends on the type of maintenance work. In this expeatinpothole patching, a
routine maintenance activity, is used to test scenarios lawthintensity work and
asphalt resurfacing, a rehabilitation activity, is used g hintensity work scenarios.

The information of traffic levels and work types arédsin

Table 4-6 and
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Table 4-7. Since in practice most work zone manageni@midesign does not involve
the analysis of controlled user detour behavior, the adhdetour control option is
deactivated in the above four test scenarios. The impatenfroute choice behavior
on the optimized work zone management plan will be digcugs the sensitivity

analysis.

Table 4-5 Candidate Work Zone Management Strategies

Srategy Type 1: L ane closure configuration
Alt # Description Nw N, N
1 Single Lane Closure 1 0 (use shoulder) 0
2 Double Lane Closure 2 0 (use shouldef) 0
Strategy Type 2: Accelerated construction
Alt # Description Az, Az, AZ; Az,
1 Normal work rate 0% 0% 0% 0%
2 Medium work rate 0% +10% 0% -15%
3 High work rate 0% +20% 0% -30%
Strategy Type 3: Detour strategy
Alt # Description Behavior Model P1 ($/zone) P2 ($/hr)
1 No detour control - 0* 0*
2 Advanced detour control SO/RC/UE 500 200
Strategy Type 4: Merge control system
Alt # | Description Capacity Change /A P
1 No merge control 0% 0* 0*
2 Advanced merge control +15% 100 50

*Included in unit agent cost and tin®g,andz.

Table 4-6 Traffic Conditions with Different Congestion Levels

Traffic Level Traffic Volume Multiplier AADT
Low 0.6 59,588
High 1.0 99,314

Table 4-7 Work Types with Different Work Intensity

Work Description Z 2 Z3 Z
$/zone $/lane.mile hr/zone hr/lane.mile

Low Pothole Patching 1000 10,000 2 4

High Resurfacing 1000 110,000 2 8

Sensitivity analysis is conducted in order to explore h@mations in key input

parameters affect the optimization result. The major tesiheeas include traffic
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volume, work intensity, idling cost, project deadline, gsial period, and user route

choice behavior model.

4.6.3 Optimization Results

(1) ConvergenceAnalysis

After running 50 generations at the first stage with the populaipe of 100 and

another 50 generations at the second stage with the popukize of 20, the

optimization process converges to an optimized solution am éast scenario, as
shown in Figure 4-20. A monotonically decreasing treta appears since the
algorithm records the best solution ever found at eaclrggon. It can be seen that
dramatic improvements of objective function value alwaysioat the early phase of
the first stage and those elite solutions obtained frorfirdtestage may be improved

through the refined search conducted at the second stage.

Table 4-8 provides the optimized decision variables and absociated cost
information for each scenario. Mainly because the projgrtd 50 periods) deadline
is not tight and idling cost (2000%/hr) is not high egiotio sacrifice traffic mobility,

the optimized lane closure strategy in all scenarios make sure that the reduced
roadway capacity is still able to accommodate the traffict miohe time. Therefore,

only minor queues appear on the mainline route and ti@ mnser cost component is
the moving delay cost due to reduced work zone speett tdat advanced merge
control is selected in almost all work zones because wegravork zone capacity can

extend the work time and consequently save agency cost.
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Figure 4-20 Optimization Convergence for Four Test Scenarios

Table 4-8 Optimized Solutions in Four Scenarios

(a) Optimization Result of Scenario 1 (High Traffic Level, High Intensity Work)

Zone | Starting Ending | Duration | Length Str#l Str#2 Str#3 Str#4
No. Time Time
(#) (0-24) (0-24) (hr) (mile) Lane Work Detour Merge
Closure Rate Control
1 20:30 6:30 10 0.63 Double Normal No Yes
Cu($) 1,065,600 | Cp($) 19,768
C4$) 5,760 | C($) 1,530
Ci($) 240,800 | Ce($) 1,421
Agent Cost $) 1,312,160 | User Cost G($) 22,719
Total Cost($) 1,334,879
Lane-mile/Period 1.25
# of needed Periods 9.6(=10)
Maximal Queue Length (mile) 1.38
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(b) Optimization Result of Scenario 2 (Low Traffic Level, High Intensity Work)

Zone | Starting Ending | Duration | Length Str#l Str#2 Str#3 Str#4
No. Time Time
#) (0-24) (0-24) (hr) (mile) Lane Work Detour Merge
Closure Rate Control
1 19:30 7:00 11.5 0.74 Double Normal No Yes
2 7:00 11:00 4 0.25 Single Normal No Yes
3 11:00 15:00 4 0.25 Single Normal No Yes
Cu(®$) 1,140,660 | Cp($) 23,296
C4($) 7,710 | C($) 2,215
C($) 45,425 | Ce($) 2,523
Agent Cost $) 1,193,795 | User Cost G(3$) 28,035
Total Cost($) 1,221,830
Lane-mile/Period 1.98
# of needed Periods 6.04((=6)
Maximal Queue Length (mile) 1.17
(c) Optimization Result of Scenario 3 (High Traffic Level, Low Intensity Work)
Zone | Starting Ending | Duration | Length Str#l Str#2 Str#3 Str#4
No. Time Time
#) (0-24) (0-24) (hr) (mile) Lane Work Detour Merge
Closure Rate Control
1 21:00 6:00 9 1.56 Doublg Fast No Yes
Cu($) 119,040 | Cp($) 5846
C4$) 2,112 | C«($) 524
Ci($) 60,000 | Ce($) 426
Agent Cost $) 181,152 | User Cost G($) 6,796
Total Cost($) 187,948
Lane-mile/Period 3.13
# of needed Periods 3.84(=4)
Maximal Queue Length (mile) 0
(d) Optimization Result of Scenario 4 (Low Traffic Level, Low Intensity Work)
Zone | Starting Ending | Duration | Length Str#l Str#2 Str#3 Str#4
No. Time Time
#) (0-24) (0-24) (hr) Lane Work Detour Merge
Closure Rate Control
1 20:00 07:00 11 1.4 Double Normal No No
2 07:00 14:00 7 1.25| Single Normal No Yes
Cu($) 109,292 | Cp($) 21,150
C4$) 1,329 | C(%) 1,704
C($) 12,000 | Ce($) 2,448
Agent Cost $) 122,621 | User Cost G($) 25,302
Total Cost($) 147,923
Lane-mile/Period 4.06
# of needed Periods 2.95(=3)
Maximal Queue Length (mile) 0.32
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When traffic level is high (Scenarios 1 and 3), night-tduable lane closure is the best
option to avoid disturbing heavy traffic in daytime. When aartithg high intensity
maintenance work (Scenario 1), the additional cost requoreztcelerate the work
(10%-20% of normal unit cost) is too high to be comp& by the resulting user cost
savings and therefore a normal work rate is more dtesttwe. However, for low
intensity work (Scenario 3), it is worthwhile to increasewloek rate since user cost

saving now can easily justify the relatively low additionaltcos

Under low traffic conditions (Scenarios 2 and 4), the ogltistrategy is to schedule a
single lane closure in daytime and a double lane cloatineight. Thanks to the
increased work zone capacity obtained by employing amareéd merge control
system, a single lane closure during the morning peak hamuld not cause
unacceptable queuing delay and thus only one work hseagheduled during the
afternoon peak period. Since there is plenty time toopmrimaintenance work, it is
unnecessary to spend additional money on acceleratesruction. An interesting
finding is that in Scenario 2 (low traffic level and high wartensity) two subsequent
short work zones are more preferable than one lon§ wame in daytime window.
This occurs because the average cost per lane mddused by putting more work at
nighttime window although more periods are needed to Eefhe whole project.
The result indicates that when idling cost or value ofkmgme does not play an
important role and the fixed time/cost to set up a work zoeeelatively low, multiple
sub-zones strategy may outperform single work zoneeglravith respect to average

cost per lane mile.

(2) Optimality Analysis
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The Maryland State Highway Administration (SHA) lane-clespolicies for highway
maintenancehen, 2008 are 9:00 a.m. - 3:00 p.m. and 7:00 p.m. - 5:00 éom.
single-lane closure; 10:00 p.m. -5:00 a. m. for two-ldasure; and 12:00 a.m. — 5:00
a.m. for three-lane closure. To demonstrate the effantiss of the optimization model,
we compare the optimized work zone management plans véttiottowing three

conventional policies in all four scenarios:

C1: 7:00 p.m-5:00 a.m. single lane closure, without deplogimgadditional strategy.
C2: 10:00 p.m.-5:00 a.m. two-lane closure, without deployingaaiditional strategy.
C3:9:00 a.m. — 3:00 p.m. single lane closure and 10180-5:00 a.m. two-lane closure,

without deploying any additional strategy.

As reflected in Figure 4-21, the optimized work zone agg@ment plan t outperforms
the above three conventional policies with respect to the tot&lzeoe cost in all four

test scenarios. This comparison result clearly indiddwedact that the maintenance
project can be accomplished more cost-efficiently by ammg lane closure plan and

investing on proper work zone impact management strategie
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O i - L W
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2,000,000 ~ (b) Scenario 2 - Total Cost ($)
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O i N .
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B Total Cost ($) (1,221,830 |1,645,810|1,548,630 |1,379,690

500,000 - (c) Scenario 3 - Total Cost ($)

400,000 -

300,000 -

200,000 -
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0. 5 : g
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@ Total Cost ($) | 147,923 | 273,737 | 309,203 | 208,523

Figure 4-21 Comparison of Optimized Results and Conventional Policies
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(3) Reliability Analysis

Since the proposed two-stage simulated annealing algoritarstachastic method, a
hundred replications with different random number seeslpenformed to optimize the
work zone plan for each test scenario to verify the réilabf the optimization model
under different circumstances. The number of geneatsoset to 50 at the first stage
and 200 at the second stage while population size is 880tand 20 at the first and
second stages, respectively. The minimized total costs b@@rreplications are

illustrated in Figure 4-22 and the statics are providéibie 4-9.

It can be seen that the optimized result is quite reliable iragosrl and 3 with high
traffic level. The key reason is that the time windowsolwlgermit lane closure is fairly
limited, which significantly reduces the space of feasiblatgwis. The coefficient of
variation (CV) increases when traffic level decreasesenarios 2 and 4 because with
less constraint on working time, the possible number @kwones increases and
hence the solution space becomes much larger considleeifferent combinations
of decision variables for each work zone. Either for ager? or scenario 4, the CV is
below 1%. By checking the details of the optimized resats 100 replications, we
found that most of them have the same number of wankszand the management
strategies selected for each work zone are also akaast. The slight variation of
their total cost comes from the small change of the stgtitime or ending time of one

or more sub work zones.

The optimality and reliability analysis proves that the psaplooptimization algorithm

is reliable to obtain near-optimal solutions. It is recommeridaase the best result
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obtained from multiple replications to reduce the effectadisastic feature. Note that
the solution quality can also be improved by increasing dipellption size at the first
stage and the number of generation at the second stpgejadly for problems with a

large solution space.

Table 4-9 Statistics of the Optimized Total Cost

Scenario Rep. Mean Min Max STD* CVv*
1 100 1,334,880 1,334,880 1,334,880 0 0.0%
2 100 1,223,251 1,221,170 1,233,380 2,838 0.2%
3 100 208,765 208,765 208,765 0 0.0%
4 100 148,661 147,923 152,092 1,322 0.9%
*STD: Standard deviation.

*CV: Coefficient of Variation, defined as the @mbf the standard deviation to the mean.
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Figure 4-22 Minimized Total Costs over 100 Replications in Four Scenarios

4.6.4 Sensitivity Analysis

In this subsection, we seek to examine the impact of keytiparameters on the
optimized work zone management plan. Scenarios with vatyafiic level, detour
policy, idling cost, ,project deadline, and fixed workesetup time are tested because
they are critical factors in the design of work zone manamt plan from the
transportation agencies’ and maintenance contractors’ spahtview. The result
variation affected by different analysis period (e.g. kdeg vs. weekend) and user
behavior model (e.g. System Optimization Model vs. Routeic@hModel vs. User

Equilibrium Model) are also investigated in this test.

For all test scenarios, the population sizes at the twossegeset at 200 and 20,

respectively, and the numbers of generations aret & and 200, respectively. The
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default cyclic period is a typical weekday (24 hoursgiclEscenario is re-optimized in

ten replications and the analysis is based on the betibsabbtained.

4.6.4.1 Traffic Volume and Detour Policy

Ten Traffic levels with traffic volume multipliers ranging find0.2 to 2.0 for mainline
traffic volumes are tested. For each traffic level, theitigiion of the traffic flow stays
unchanged while the hourly volume increases or de@etmsehe product of the

baseline volume and the traffic level multiplier.

Table 4-10 Traffic Levels Ranging from 0.2 to 2.0

maffic 5> 04 06 08 10¢ 12 14 16 18 2.0
Level

Q1 AADT 19,862 39,725 59,588 79,451 99,314 119,176 139,039 158,902 178,765 198,628
Q2 AADT 19,910 39,820 59,731 79,641 99,552 119,462 139,372 159,283 179,193 199,104

*Baseline: Traffic Level =1.0
To investigate the impacts of detour policy, the optimizedtesdnile employing the

following four detour policies are analyzed:

No detour control: all traffic stays on the mainline route.

 ITS provided to guide road users to use detour routsurAsmg fully
compliance rate, the time-varying detour fraction is determnwith the system
optimization (SO) model.

* Road users respond to the ITS detour control systemtiffte-varying detour
fraction is determined with the Route Choice (RC) model.

* Road users respond to the ITS detour control systemtiifte-varying detour

fraction is determined with the User Equilibrium (UE) model.

135



(1) No Detour Control

Without applying any detour control strategy, the optimigelditions in traffic level

ranging from 0.2 to 1.8 are displayed in

Table 4-11. As the traffic increases, the lane closuredim@g one period decreases
from 24 hours per day to 7.5 hours per day and timber of periods needed to
complete the maintenance work increases from 4 day4 ttays in order to keep the
impact of the work zone activity on motorists at an acceptabkl. It can be seen that
optimized lane closure time window and associated lane eldgpe significantly

change with the traffic level:

» At traffic levels 0.2-0.4, two lanes can be closed the widalg while still
providing enough road capacity for mainline trafficlétel 0.2, one long work
zone with 24-hour double lane closure is the best choidev@lt0.4, it is better
to set up two 12-hour double lane closure work zoneausecshorter work
zone length reduces the user moving delay and the rgsuligr cost saving
exceeds the additional cost of setting up one more nak.

» At traffic levels 0.6-0.8, traffic volumes in morning aaflernoon peak-hours
exceed the reduced capacity. Optimized work zonesdueduled in daytime
and nighttime off-peak time windows to avoid extensive mguelays.
During daytime off-peak hours, double lane closure isafitirdable at level

0.6 while single lane closure is a better choice at le@eINbte that at traffic
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levels above 0.4, merge control (strategy type 4) isygvpreferable because

the increased work zone capacity deserves its additosal

At traffic levels 1.0-2.0, lane closures are acceptablg during nighttime

hours. The duration of the double lane nighttime work gd®eeps decreasing

when traffic level increases even with the help of the meagrol strategy.

After the traffic level exceeds 1.8, it becomes beneficiahdoelerate the

maintenance work by adopting the highest productitg.r

Table 4-11 Optimization Solutions at varying traffic levels without Detour Control

Traffic # of Work
Level | periods* | Time Zones Str#l | Str#2 | Str#3 | Str#4 Ca Cu Cr
hr/ Lane | Work Merge
# period # Closure| Rate Detour Control $ $ $
0.2 4 24 16:00-16:00 double normal no ng 1,059,490024 | 1,067,514
16:00-04:00| double normal no| yes
0.4 4 24 1,069,056 17,691 1,086,747
04:00-16:00| double normal no| yes
06 6 17 19:00-07:30| double normal no| yes 1134,023| 23.349 1157372
09:30-14:00| double normal no| yes
20:00-07:00| double normal no es
0.8 7 155 ! a YES 11,213767| 17,645 1,231,413
09:00-13:30| single] normal no| yes
1.0 10 10 20:30-06:30 double normal ng yes 1,295,360 22,719 1,318,079
1.2 12 8.5 21:30-06:00 double normal ng vyes | 1,384,023 10,768 1,394,791
14 13 8 22:00-06:0 double normal ng yes 1,427,200 9,773| 1,436,973
1.6 14 7.5 22:30-06:00 double normal ng yes 1,472,593 18,683 1,491,276
18 12 6.5 23:00-05:30 doubl fast no yes | 1,634,227 10,362 1,644,589
2.0 16 5.5 23:30-05:00 doubl fast no yes | 1,806,320 6,403| 1,812,723

*Duration of a cyclic period=24 hr

(2) Detour Control

(2.1) Detour Control-System Optimization (SO) M odél

Employing an advanced detour control system, the optimizadk wone plans at

different traffic levels are listed in Table 4-12. The tinaying detour fractions

achieving system optimization are provided in Table 4-1Fagule 4-23.
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Table 4-12 Optimization Solutions at varying traffic levels with Detour Control (SO)

Traffic # of Work
Level perl*ods Time Zones Str#l | Str#2 | Str#3 | Str#4 Ca Cu Cr
hr/ Lane | Work Merge
# period # Closure| Rate Detour Control $ $ $
0.2 4 24 16:00-16:0(P double normal SC ng 1,077,99)024 |1,086,020
0.4 4 24 16:00-16:0d) double normal SC yes 1,082,528,198 | 1,105,730
19:00-09:00| doubl al SO
06 5 21 oublg norma M%) 108,560 | 41,707| 1,150,270
09:00-16:00| double normal SO| yes
0.8 5 18 20:00-14:0 double normal SQ vyes (1,121,280 76,059 1,197,340
1 7 13 19:00-08:00 double normal SQ vyes (1,199,860 44,203 1,244,070
1.2 8 12 19:00-07:00 double normal SQ vyes (1,235,330 43,927 1,279,250
1.4 9 11 20:00-07:0d) double normal SQ vyes (1,252,080 34,563 1,286,640
1.6 10 10 20:00-06:00 double normal Sq yes |1,319,360| 36,594 1,355,950
1.8 11 9 21:00-06:0(P double normal SQ vyes [1,362,210| 27,878 1,390,088
2 11 9 21:00-06:0¢ double  normpgl SC yes |1,368,240| 34,871 1,403,110
Table 4-13 Time-varying Detour Fraction at varying traffic levels with Detour Control (SO)
Traffic Leve 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2.0
0:00 0 0 0 0 0 0 0 0 0 0
1:00 0 0 0 0 0 0 0 0 0 0
2:00 0 0 0 0 0 0 0 0 0 0
3:00 0 0 0 0 0 0 0 0 0 0
4:00 0 0 0 0 0 0 0 0 0 0
5:00 0 0 0 0 0 0 0 0.1 0.2 0.28
6:00 0 0 0 0.04 0.22 0.36 0.44 0 0 0
7:00 0 0 0.3 0.38 0.46 0 0 0 0 0
8:00 0 0 0.36 0.42 0 0 0 0 0 0
9:00 0 0 0.12 0.36 0 0 0 0 0 0
10:00 0 0 0 0.26 0 0 0 0 0 0
11:00 0 0 0.02 0.26 0 0 0 0 0 0
12:00 0 0 0.04 0.28 0 0 0 0 0 0
13:00 0 0 0.04 0.28 0 0 0 0 0 0
14:00 0 0 0.2 0 0 0 0 0 0 0
15:00 0 0 0.3 0 0 0 0 0 0 0
16:00 0 0.02 0 0 0 0 0 0 0 0
17:00 0 0 0 0 0 0 0 0 0 0
18:00 0 0 0 0 0 0 0 0 0 0
19:00 0 0 0.2 0 0.44 0.48 0 0 0 0
20:00 0 0 0 0.04 0.22 0.4 0.44 0.44 0 0
21:00 0 0 0 0 0.02 0.1 0.3 0.4 0.44 0.48
22:00 0 0 0 0 0 0 0.12 0.22 0.32 0.38
23:00 0 0 0 0 0 0 0 0 0.08 0.18
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As the mainline traffic increases, the optimal lane closureyohanges from whole
day double lane closure, to double lane closures ipedk hours, and then to
nighttime double closures. By diverting a system-optimizaction of mainline traffic
to the alternative route, spare capacity in the networklistilized and the remaining
traffic volumes on the mainline route can be significantlyced. As a result, work
zones with longer duration are allowed compared to thdtsesithout detour control.
Merge control is desirable as long as mainline capacgyilidimited. At high traffic
levels, detour control strategy is effective and economicthere is no need to apply

for costly work acceleration.
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Figure 4-23 Detour Fraction at varying traffic levels (SO)

(2.2) Detour Control-Route Choice (RC) Modéel
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In this test, the advanced detour control system is emplay@dovide travel time
information on mainline and detour routes. It is assurttet road users, as
independent decision makers, will choose whether or matetour based on their
acceptance of travel time difference. A time-varyingedsion fraction is derived from
the Logit-based choice model introduced in Chapter 3eT&ti4 lists the optimized

solutions. Table 4-15 and Figure 4-24 provide the ddtaation information.

Table 4-14 Optimization Solutions at varying traffic levels with Detour Control (RC)

# of

Traffic . Work
Level pesrl*od Time Zones Str#l | Str#2 | Str#3 | Str#4 Ca Cu Cr
hr Lane | Work Merge
# /period # Closure| Rate Detoun Control $ $ $
0.2 24 | 16:00-16:Q0double | normal RC no (1,077,991 | 8,024 |1,086,020

4
0.4 4 24 | 16:00-16:Q0double | normal RC yes (1,082,531 {23,069 | 1,105,600
5

0.6 17.5 | 19:30-13:00double | normal RC no [1,119,77t |53,013 | 1,172,790
0.8 6 17 [12:00:08:00 double | normal RC | Yes | g0y (57,719 | 1,215,730
09:00-13:00 double | normal RC yes
1 7 12 |19:00-07:00double | normal RC yes [1,235,33( |31,833 | 1,267,160
1.2 8 12 | 19:00-07:00double | normal RC yes [1,235,33( |59,255 | 1,294,580
14 9 11 | 20:00-07:Q0double | normal RC yes (1,275,121 |41,431 | 1,316,550
1.6 10 10 | 20:00-07:00double | normal RC yes (1,275,120 | 64,758 | 1,339,880
1.8 11 9 20:30-05:30double | normal RC yes [1,368,24( |46,185 | 1,414,420
2 11 9 21:00-06:00double | normal RC yes (1,362,211 |48,811 | 1,411,020

Table 4-15 Time-varying Detour Fraction at varying traffic levels with Detour Control (RC)

Traffic
Leve 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2.0
0:00 0 0 0 0 0 0 0 0 0 0
1:00 0 0 0 0 0 0 0 0 0 0
2:00 0 0 0 0 0 0 0 0 0 0
3:00 0 0 0 0 0 0 0 0 0 0
4:00 0 0 0 0 0 0 0 0 0 0
5:00 0 0 0 0 0 0 0 0 0 0.55
6:00 0 0 0 0 0.53 0.59 0.6 0.59 0 0
7:00 0 0 0.53 0.55 0 0 0 0 0 0
8:00 0 0 0.55 0 0 0 0 0 0 0
9:00 0 0 0.53 0.54 0 0 0 0 0 0
10:00 0 0 0 0.53 0 0 0 0 0 0
11:00 0 0 0.53 0.53 0 0 0 0 0 0
12:00 0 0 0 0.53 0 0 0 0 0 0
13:00 0 0 0 0 0 0 0 0 0 0
14:00 0 0 0 0 0 0 0 0 0 0
15:00 0 0 0 0 0 0 0 0 0 0
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16:00 0 0 0 0 0 0 0 0 0 0
17:00 0 0 0 0 0 0 0 0 0 0
18:00 0 0 0 0 0 0 0 0 0 0
19:00 0 0 0 0.53 0.6 0.57] 0 0 0 0
20:00 0 0 0 0 0.53 0.6 0.6 0.6 0.52 0
21:00 0 0 0 0 0 0.53] 0.53 0.5% 0.62 0.61
22:00 0 0 0 0 0 0 0 0.53] 0.53 0.52
23:00 0 0 0 0 0 0 0 0 0 0.53

Comparison between Table 4-12 and Table 4-14 showsptiaal work zone plans
with RC detour model are similar to those with SO detouwtehavith slightly shorter

work zone durations at traffic levels 0.6-1.0.

1.0

Figure 4-24 Detour Fraction at varying traffic levels (RC)
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(2.3) Detour Control-User Equilibrium (UE) M odéel

This test assumes that travelers have good knowledge tiffic condition resulting
from work zones and user equilibrium can be achieveehvdetour control system is

employed. The optimized work zone plans shown in Tablé #llow the same trend
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as those in SO condition but the work zone durationshanges at traffic levels 1-1.8.
Table 4-17 and Figure 4-25 provide the time-varyingigion fractions derived from

the UE model.

Table 4-16 Optimization Solutions at varying traffic levels with Detour Control (UE)

Traffic peﬁigfds Work Zones Str#l | Str#2 | Str#3 | Str#4 Ca Cu Cr
Level . Time
hr/ Lane | Work Merge
# period # Closure| Rate Detour Control $ $ $
0.2 4 24 | 16:00-16:00 double normal UE ng 1,077,99,024 | 1,086,020
0.4 4 24 | 16:00-16:00 double normal UE yes [1,082,530| 23,069 1,105,600
19:30-07:30| double normal UE| vyes
0.6 5 17 1,160,010 | 23,349| 1,183,36
09:30-14:00| double normal UE| vyes
0.8 8 12 | 19:30-07:30 double normal UE yes [1,235,330| 28,252 1,263,580
1 10 10 | 20:30-06:30 double normal UH yes |1,319,360| 20,257 1,339,620
1.2 11 9 | 21:30-06:30 double normal UE yes [1,368,240| 17,858 1,386,100
14 12 8.5| 22:00-06:30 double normal UH yes |1,410,010( 18,996 1,429,010
1.6 14 7.5| 22:30-06:00 double normal UH yes |1,500,520( 17,684 1,518,210
1.8 14 6.5| 23:00-05:30 double normal UH yes |1,625,630( 10,259 1,635,890

Table 4-17 Time-varying Detour Fraction at varying traffic levels with Detour Control (RC)

Traffic
Leve
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Figure 4-25 Detour Fraction at varying traffic levels (UE)

(3) Comparison of Detour Fractions Derived from Different Detour Models

Fair comparison of different detour models has to ksedan the same work zone
characteristics and traffic conditions. The work zone mgameent plan in Table 4-18 is
evaluated four times. Each time a different detour modeded to derive time-varying
detour fractions. The derived detour fractions are displayétgure 4-26. It can be
seen that UE detour fractions are lower for UE than ford8tour. This may occur
because in this case study the detour route is relativedydod has a lower free flow
speed compared to mainlines (5.16 miles vs. 3.1 milemptyvs. 65 mph). UE has
been reached even though there is still spare capacityeotetbur. The RC model

yields the highest detour fractions. A possible reasoratdridvelers whose behavior is
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described by the choice model are quite sensitive to the tiaeedifference and more
travelers would choose to detour with less considerafidineonew traffic conditions

that their detour may result.

Table 4-18 Input parameters of test work zone plan

Traffic Aot | Work 1 2 nes Str#l | Str#2 | Str#3 | Str#a
Level periods Time
hr Lane Work Merge
# /period # Closure Rate Detour Control
1 7 13 19:00-08:0¢ double normal - yes
1.0
0.9 Detour Rate
0.8 -
Q 0.7 ——SO
5 06 5 » e RC
5 0.5 —a— UE
£ 04
[a] 0.3
0.2
o2 177\ 7N
3 PSRN /2 GRNNL U A —
888888888 888888 88888 838 8 8
EHd5IFEREEEd8EIEE S EE §HS g

Time
Figure 4-26 Detour Fraction at varying traffic levels (UE)

The costs associated the test work zone plan with diffdietour models are shown in
Table 4-19. Work zone plans with any detour contral caitperform the same

operation plan without detour control in terms of the totatsdecause user costs
saving due to reduced queuing delay compensate faddhigonal agency costs spent
on the control system. The work zone plan with SO detoutrol achieves the lowest

total cost since the traffic assignment is optimized fraayséem point of view.

Table 4-19 Comparison of Detour Models based on the Test Work Zone Plan

Cwu Cs G Cal Co Cy| Ce Cu Cy
N/A | 1,062,980 5,236110,00( 1,178,220320,076 18,629 27,724 366,42] 1,544,65
SO | 1,062,980 26,88(0110,00( 1,199,860 22,727 20,268 1,209 44,203 1,244,07
RC | 1,062,980 26,88(0110,00( 1,199,860 28,136 27,61( 547 56,2949 1,256,16
UE | 1,062,98D 26,88(0110,00( 1,199,860 67,516 16,246 5,931 89,694 1,289,56

| W N
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(4) Comparison of Detour Fractions Derived from Different Detour M odels
Figure 4-27 (a), (b) and (c) shows the agency ags#r cost, and total cost of the

optimized work zone management plan under different detmuditions. Employing
detour control can allow work zones with longer duratiod larger space, which can

greatly reduce agency costs, thus compensating fam¢heased user cost.

Among the four detour models, the SO model can achie/&®west cost. In practice,
SO detour fractions are treated more as a control objealiv®ugh flashing Dynamic
Message Sign with a specific frequency may help contgpthe diversion fraction, it
is difficult to obtain the exact SO result due to diveraitg uncontrollability of actual
road user behaviors. The RC model also yields low worle cost. It has to be noted
that the parameters of route choice model should be estirbatsdli on data from
stated-preference surveys or other user behavior studieerly optimistic estimation
of detour rates may lead to costly work zone decisidhe benefit of employing
detour control with UE model is not obvious. The maj@som is that the user cost
saving cannot outweigh the additional traffic control cossspérformance may be
improved when the detour route is more attractive ghagyter length, higher speed, or

higher capacity) and the control cost is lower.

4.6.4.2 Idling Cost

For the baseline scenario (Scenario 1), sensitivity analysisnducted by increasing
the idling cost from 1000$/hr to 9000 $/hr. When the detooot available, night-time
double lane closure turns out to be the optimal solution. ¥vhdling cost increases,

a faster work rate is desirable to decrease the total idtisigoy reducing the total time
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required to complete the maintenance work (Table 4{28¢tour control with the SO
detour model is employed, accelerating construction isnedénable and total project
time can be more economically reduced by schedulingramre single lane closure in

day-time off-peak hours (Table 4-21). The costs infdram is provided in Figure 4-28.

4.6.4.3 Project Deadline

The maximum allowable number of periods for completingrntta@ntenance project
(project deadline) is a constraint in the work zone optimizatiodel. Optimization
results with decreasing project deadline with and without detoutrol are listed in
Table 4-22 and Table 4-23. It can be seen that seftilagsingle lane closure work zone
in daytime off-peak hours, applying faster work ratel diverting traffic to alternative
route can be employed together to satisfy a tight projeadliohe. This may greatly
increase both agency cost and user cost due to additiostd spent on those
management strategies and to severe traffic interrupfigure 4-29 illustrates the
variation of work zone costs with decreasing project gzl When the maximum
allowable number of periods exceeds 10 without detoutral or exceeds 6 with
detour control, the optimal work zone management plan evilain unchanged. When
the maximum allowable number of periods gets below 8 witbetdur control and

below 5 with detour control, the work zone costs will dracadly rise.
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Figure 4-27 Comparison of Optimized Results with and without Detour Control Strategy
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Table 4-20 Optimal Solutions with Varying Idling Cost (No Detour)

idling | # 0T |work
C 9 periods| . Zones Str#l | Str#2 | Str#3 | Str#4 CA CU CT
ost * Time
hr/ Lane | Work Merge
$ihr # periog # Closurg Rate Detour Control $ $ $
1000 10 10| 20:30-06:3@ouble| normal| no yes |1,183,36022,719| 1,206,079
2000 10 10| 20:30-06:3@ouble| normal| no yes |[1,295,36022,719| 1,318,079
3000 10 10| 20:30-06:3@ouble| normal| no yes |(1,407,36022,719| 1,430,079
4000 8 10| 20:30-06:3@ouble|medium no yes |1,509,88823,078| 1,532,966
5000 8 10| 20:30-06:3@ouble|mediun no yes |1,593,88823,078| 1,616,966
6000 8 10| 20:30-06:30double|mediun  no yes |1,677,88823,078] 1,700,966
7000 8 10| 20:30-06:3@ouble| fast no yes |1,761,88823,078| 1,784,966
8000 7 10 | 20:30-06:3Glouble| fast no yes |1,837,95223,335| 1,861,287
9000 7 10 | 20:30-06:3Glouble| fast no yes |1,907,95223,335| 1,931,287
Table 4-21 Optimal Solutions with Varying ldling Cost (Detour Control-SO)
: # of
dling | rioas|WOrKl  zones | str# | str#2 | str#3 | Stré#a | CA cu cT
Cost * Time
hr/ Lane | Work Merge
$ihr # period # Closurg Rate Detour Control $ $ $
1000 7 13| 19:00-08:Q@ouble| normal| SO yes |(1,144,86044,203| 1,189,070
2000 7 13| 19:00-08:qGdouble| normal| SO yes |1,199,86044,203 | 1,244,070
20:00-08:00 double| normal| SO yes
3000 6 17 09-00-14-00 doublel normall SO = 1,187,010 81,880 | 1,268,890
19:00-08:00 double| normal| SO yes
4000 6 18 09-00-14-00 doublel normall SO e 1,198,24096,452 | 1,294,690
19:00-08:00 double| normal| SO yes
5000 6 18 09-00-14-00 double| normall SO e 1,223,24096,452 | 1,319,690
19:00-08:00 double| normal| SO yes
6000 6 19 09-00-15-00 double| normall SO Ve 1,222,700120,38¢ (1,343,090
19:00-08:00 double| normal| SO yes
7000 6 20 |08:00-11:0(¢ single | normal SO yes |(1,237,840110,89:(1,348,740
11:00-15:00 double| normal| SO yes
8000| 5 | 21[12:00-08:00 doublelnormall SO | Yes |, ;g 550195 07 1,371,350
08:00-16:0Q single | norma| SO yes
19:00-08:00 double| normal| SO yes .
9000 5 21 . 1,258,280122,07" (1,380,350
08:00-16:0Q single | norma| SO yes
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Figure 4-28 Work Zone Costs of Optimal Solutions with Varying Idling Cost

Table 4-22 Optimal Solutions with Varying Project Deadline (No Detour)

LS S A S S

Max#of #of Workl  7o005 | st | Stré#2 | Str#3 | Str#s | CA cu cT
periods|periods*| Time
hr/ Lane | Work Merge
# # period # Closurg Rate Detour Control $ $ $
12-10 10 10 | 20:30-06:3@ouble | normall no | yes |1,295,36022,719|1,318,08
9 8 10 | 20:30-06:30double mediun| no yes |1,341,89023,078| 1,364,97
8 8 10 | 20:30-06:30double mediurr| no yes |1,341,89023,078 | 1,364,97
7 7 10 |20:30-06:30double| fast no yes |1,417,95023,335|1,441,29
6 6 11 |20:00-07:00double | fast no yes |1,381,06049,132]|1,430,19
19:30-07:00 double | fast no yes ,
5 5 155 10:00-14:00 single | fast o = 1,384,270217,57 1,601,790
4 4 |175[t200-07:30double| fast | no | yes | sq5 430541 2g]1,926,710
09:00-14:30| single | fast no yes
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Table 4-23 Optimal Solutions with Varying Project Deadline (Detour Control-SO)

Max #of) #of |Worki ;o 00 | st | sus2 | str#s | st#a | CA cu cT
periods |periods* Time
hr/
: Lane | Work Merge
# # pedrlo # Closurg Rate Detour Control $ $ $
19:30-07:00 double | normall SO | yes
12-6 6 17 1,160,010 79,625 1,239,64
09:00-14:00 double | normall SO | yes [~ ' T
19:00-08:00 double | normall SO | yes
5 5 18.5 1,160,140114,66¢ (1,274,800
09:00-14:30 double mediun| SO yes |77 ' B
19:00-08:00 double mediurr| SO yes ;
4 4 19.5 - - 1,291,780119,337(1,411,120
08:00-14:30 single mediun| SO yes
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Figure 4-29 Work Zone Costs of Optimal Solutions with Varying Project Deadline

4.6.4.4 Fixed Time

The fixed time for setting up a work zone may include mobilization time, pavement curing time,
and demobilization time. In practice, fixed time usually increases with the intensity of the
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maintenance. The impact of long fixed time is equivalent to the impact of low work rate. Table
4-24 shows the optimized solutions without detour control. As we can see, additional agency
cost should be invested on accelerating the work in order to minimize the total work zone cost
when fixed time exceeds 5 hr/zone. When fixed time is 8 hr/zone, the higher work efficiency
gained from double-lane nighttime closure has to be sacrificed and single lane closure is
adopted to buy longer work time. The optimization results with detour control (SO model) are
provided in

Table 4-25. With increasing fixed time, the work zoneesiciled in the daytime
off-peak time window changes from 5-hr double lane ¢ksu6-hr single lane closure
and it finally becomes unacceptable to set up any wor& godaytime off-peak hours
because of extremely long fixed time (>=8 hr/zone).sAswn in Figure 4-30, total
work zone costs increases with the fixed time at a fastifano detour control is

employed.

Table 4-24 Optimal Solutions with Varying Work Zone Fixed Time (No Detour)

23 efig(‘;s* \'/I'\{(r)nrlé Zones | Str#l | Str#2 | Str#3 | Str#4 | CA cu cT
wzone  # | erod|  * |closure| Rate | | Coniol| & | 8 | 8
2 10 10 20:30-06:30 double normal no| yes 1,295,360 22,719 1,318,080
3 11 10 20:30-06:30 double normal no| yes 1,325,550 22,540 1,348,090
4 13 10 20:30-06:390 double normal no| yes 1,384,480 22,360 1,406,840
5 13 10 20:30-06:30 doubl¢§medium no yes 1,489,260 22,40% 1,511,670
6 16 10 20:30-06:30 doubl¢medium no yes 1,578,180 22,181 1,600,360
7 21 10 20:30-06:30 doubl¢§medium no yes 1,726,3700 21,957 1,748,320
8 22 11.5 |19:30-07:00| single |[medium no yes 1,988,750 14,121 2,002,880

Table 4-25 Optimal Solutions with Varying Work Zone Fixed Time (No Detour Control-SO)

23 | Fol IWorkl sones | str#t | st#2 | str#3 | str#a | CA cu cT
eriods* Time
hr/ Lane | Work Merge
hrizong  # period # Closure| Rate Detour Control $ $ $
19:00-07:00| doubl I SO
2 6 | 17 ouble] nhorma YeS 11160,010| 79,625 1,239,640
09:00-14:00| double| normal SO| yes
3 7 17 19:00-07:00| double| normal SO | yes 1177130 83,902 1,261,030
09:00-14:00| double| normal SO| yes
19:00-08:00| doubl | SO
4 7 | 19 oub'e| norma YeS 11163510 119,424 1,282,930
09:00-15:00| double| norma SO | yes
5 9 19 [19:00-08:00| double| normal SO| yes [1,221,380| 80,562 1,301,940
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09:00-15:00| single | normal SO yes
6 10 19 19:00-08:00 (?iouble norma SO | yes 1,227.820| 97.890 1,325710
09:00-15:00| single | normal SO yes

19:00-08:00| double| normal SO| vyes

7 12 21 . 1,242,490| 117,354 1,359,850
08:00-16:00| single | normal SO yes
8 14 13.5| 19:00-8:30[ doubl¢ normal SO vyes 1,377,470 60,960 1,438,430
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1,600,000 /
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Figure 4-30 Work Zone Costs of Optimal Solutions with Varying Project Deadline

Although the Maryland State Highway Administration normally avoids scheduling maintenance
activities on Friday and Saturday nights except in very special cases, weekend closure have
been explored in other states such as California (Lee et.al., 2006) in large freeway
rehabilitation projects where weekend traffic is significantly lower than weekday traffic and
work intensity is high. To investigate the feasibility of weekend lane closure, an experiment is
conducted to compare weekday work zone plan and weekend plan when fixed time is 8
hr/zone and detour control (SO) is employed. The optimization parameters for these two
scenarios are listed in
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Table 4-26 and traffic distributions are displayed inuFég4-31. Note that idling time

between two weekends are ignored in this test.

Table 4-27 provides the optimized weekday and weegkarns$ and Figure 4-32 shows
the cost information associated with each plan. It candreweh optimized weekend
plan the maintenance work can be accomplished in lessatichevith lower total cost.
It also causes less queuing delay, compared to weekaiayAthough no queue will
form in weekend plan, the resulting user costs areehigian those resulted from
weekday plan because more traffic are diverted taltbenative route which is longer

and slower than the mainline route, therefore, the delelay increases greatly.

This test demonstrates the potential benefit of weekenctclaseres. However, many
other factors have to be considered by transportatiencegs during their decision
making process. These include, for example, the actapt@and compliance of the

travelers as well as the availability and quality of alternatees.

Table 4-26 Optimization Parameters of Test Weekday and Weekend Plans

Optimization Parameters Weekday Plan Weekend Plan
The max # of periods 20 (480 hours) 2 (120 hours)
Starting time of a period Weekday16:00 Friday 20:00
Duration of a period 24 hours 60 hours
Ending time of a period 16:00 next day Monday 8:00
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Figure 4-31 Weekday and Weekend Mainline Traffic Distributions
Table 4-27 Optimized Weekday and Weekend Plans
Max. | Total
#of |Work Work Zoneg
z3 periods*| Time Zones Str#l | Str#2 | Str#3 | Str#4 Total Cost Queue Clqsure
Length| Time
hr/ Lane | Work Merge .
hr/zone # period # Closurel Rate Detour Control $ mile hour
Weekday Plan
8 14 | 135] 19:00-8:30] double normhl SO ye{1438430 [ 145 | 189
Weekend Plan
I;r;tZSGO(())O double | normal| SO yes
8 2 55.5 — 1,370,870 0 111
Sat. 19:30- | 40 e | normal| SO es
Mon. 07:00 Y
2,000,000
1,500,000
1,000,000 -~
500,000 -+
0 L
Agency Cost User Cost Total Cost
m Weekday Plan 1,377,470 60,960 1,438,430
00 Weekend Plan 1,072,670 298,199 1,370,870

Figure 4-32 Work Zone Costs of Optimized Weekday and Weekend Plans

4.6.5 Findings

The numerical experiment tests the performance of theopeal work zone decision

optimization method. The convergence, optimality and reliakaliglysis for four test
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scenarios demonstrate that the proposed optimization algoistheliable to obtain

near-optimal solutions. Since a low traffic level may egdathe feasible solution

space, increasing the population size at the first stagéhangumber of generations
at the second stage is recommended to ensure the qudliy solution. Sensitivity
analysis is conducted to investigate the impact of traffiel]l detour fraction
estimation model, resource idling cost, project deadlingl, fated time on the
optimized work zone management plan. We draw the followorglusions based on
the analysis of optimization results:

(1) Efficient lane closure tactics (e.g. scheduling work zaneappropriate time
windows) can significantly reduce the work zone costs.

(2) Deployment of traffic impact management strategiesh siscmerge control and
detour control system, can be beneficial and costtefte especially on projects
with high resource/labor idling cost, longer fixed work e@etup time, and tighter
deadline.

(3) Detour control has great potential to mitigate the traffigpaot and reduce project
cost by efficiently utilizing spare capacity in a road retvy Its effectiveness
depends highly on road users’ detour behavior as agethe physical and traffic

characteristics of the mainline and alternative routes.
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Chapter 5 Short-term Work Zone Decision Optimization
Based on Simulation

The accuracy of user delay estimates significantly &ffia@ measure of the total work
zone cost. Microscopic simulation programs, which model gabltle as a separate
entity, are usually expected to provide more accuratmatgs of vehicle speeds and
delays compared to analytical procedures, especialgnwhe traffic conditions or
roadway networks are complex. Therefore, a work zptenization model based on
simulation is introduced in this chapter. With the same opéitioia algorithm 2PBSA,
this simulation method is applied instead of the analytic methodvaluate the

objective function in the optimization process.

It should be noted that such optimization through microscapmulation is

computationally intensive. To make the search algorithnffeseat as possible and
thus reduce the computational burdens to a more accepaiel, a hybrid approach
combining simulation and analytic methods is also propwstus chapter. In addition,

a parallel computing technique is applied to further reduezedmputation time.

5.1 Problem Satement

5.1.1 Prosand Consof Simulation Method

Microscopic simulation models, such as CORSIM, are pvaperational-level

traffic analysis tools to analyze key bottlenecks on r@gdsegments and corridors
where the movement of each individual vehicle needbd represented to better
understand the impact on roadway conditidREI\VA, 2003. They are extensively

used to access detailed system-level work zone impacdt®valuate potential work
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zone management strategies especially in significant psojduch may have great
effects on traffic conditions in or around work zonesabiocations with complex
geometric configurations. Although the analytical traffic ietpassessment model
developed in Chapter 3 is based on simulation results, istiiblye out-performed by
microscopic simulation models which require less ovenygdified assumptions on
network configuration, drivers’ response to differentfitahanagement strategies and

other important traffic features.

However, the following limitations of the simulation modeften preclude them from

being adopted by agencies:

» Substantial amount of roadway geometry, traffic contral,teatffic pattern data

is required to collect and code in the simulation model.

+ |t takes extensive time and resource to calibrate a simulatoniel so that it

matches the actual conditions.

» Heavy computational burden is associated with simulatioecesfy at a
microscopic level. Due to the stochastic nature of simulatronltiple
simulation replications are needed obtain a statistically gignif estimate of
the performance of a particular design, which furtiheraase the simulation

time.

» Other restrictions in simulation models may bias the resulth Bsues may be
specified to particular models. For example, the expetinsenducted in

Chapter 3 shows that when work zone impact is evalugt€dQRSIM, the
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running time and variance of simulation results increasetraffic congestion
level; when the congestion level rises beyond acceptableds, the simulation

results become unreliable.

5.1.2 Problem Formulation

The study presented in this chapter focuses on solvirggt-t@im decision
optimization problem for intermediate recurrent work zonef@gways. In chapter 3,
an optimization model (Model 1-2) has been developedeiturrent work zones and

we adopt the model in this chapter.
Model 1-2

Objective:
Min  C,(m, X) =C;(m',>2)%

T

Subject to:
T~ Ea< SSE <Te (1)
(Em - S) < Dr 2
(E—9)>z3 )
1 ' . m 4
. alps L, <L wherel, =>"L,.N,, )

DT i=1
max{q(t)} < Gy ()
where,

Cr = Total work zone cost of the project;

C’'t = Total work zone cost in one cyclic period;

Lt = Total lane-mile to be maintained in the project;

L't = Total lane-mile maintained in one cyclic period;

m = Total number of work zones needed to complete thegt;
m’ = Total number of work zones set up in one cycligquer
X = Short-term work zone decisions;

Ts = Starting time of a cyclic period;

Te = Ending time of a cyclic period;

D’ = The duration of a cyclic perio® = Te - T,

S = Starting time of thé" work zone;

Ei = Ending time of thé" work zone;

L. = Length of the™ work zone;
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N, = Number of closed lanes in tiftwork zone;

q(t) = Queue length at time

On = Maximum acceptable queue;

Ce; = User Expected Accident Cost of tifework zone:

z = The fixed setup cost per work zone;

Zz = The fixed setup time per work zone;

Z> = The unit length maintenance cost;

Zy = The unit length maintenance time.

5.1.3 Optimization Algorithm

The two-stage population-based simulated annealing (2PB®fpsed in Chapter 4
is applied to solve the work zone optimization problerne Dptimization method
includes four major elements: (1) Initial solution generati@) New solution
generation; (3) Solution evaluation and (4) Solution seardritigh. In Chapter 4, the
third part, solution evaluation, is based on an analytic#h@dewnhile in this chapter, a

simulation model is employed to estimate work zone udaysleThe basic procedure

of the PBSA and the two-stage feature are illustratédgare 5-1 and Figure 5-2.
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Figure 5-1 Basic Procedure of PBSA

Phase 1 Phase 2
Initial Optimization Refined Optimization
\% \V4

Final solutions . PBSA

Figure 5-2 Concept of 2-Stage PBSA
5.2 Solution Evaluation Based on Simulation

In this study, simulation based on CORSIM is performesl/eduate the user delayg) (
caused by the work zone activity. The procedure foulsitimg different work zone
characteristics has been introduced in Chapter 3. Howtevgenerate simulation input

files and obtain simulation output in an automated way, thredules are needed to
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link the optimization process with the CORSIM model, shownigureé 5-3. These
three modules are the preparation module, the prepmcessdule and the

postprocessor module.

1. Required Inputs

Before evaluating solutions, users must provide the followipgts:

(1) The well-calibrated simulation parameters, including rabéeking factor, car
following multiplier, link free flow speed, etc., associated witle work zone

characteristics to be optimized;

(2) Two CORSIM input files with the format of *.trf file, whicbrovide datasets
describing geometrics of the study network, 24-houritraiformation and traffic
control parameters. Each input file includes 12 time perigith 1 hour for each
time period. Hourly time-varying traffic information frodn00 to 12:00 is recorded
in the first CORSIM input file (Morning 12-hour Simulationplit File). Hourly
time-varying traffic information from 12:00 to 24:00 iscorded in the second

CORSIM input file (Afternoon12-hour Simulation Input File).

2. Preparation Module

The Preparation Module is used to provide some of requitata needed in the
preprocessor and postprocessor modules. The framefthk preparation module is

displayed in Figure 5-4.
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Stepl: For the Morning 12-hour Simulation Input File and tlierAoon 12-hour
Simulation Input File, call CORSIM.DLL to run simulation. Twatput files can be

obtained after the simulation is completed.

Step 2: From the output files, get hourly traffic volumeseach link and hourly
network-wide delay time. The former will be used to getkpbours in the solution
generation process and to calculate new turn movemerdrjgages with detours in the
preprocessor module. The latter will be used in the postpsoc module to calculate

user delays in a normal situation without a work zone.

3. Preprocessor Module

The purpose of the Preprocessor Module is to genaete CORSIM input files
according to the work zone information in the candidatetism generated from the

optimization process. Figure 5-5 shows the flow chart opteerocessor module.

Step 1: According to the work zone characteristics provigethe solution, calculate

the total time period need to simulate.

Step 2: Due to the limitation of no more than 19 time pervd3ORSIM, more than
one input file may have to be generated for simulatingvtimé zone activity. Based on
the Morning 12-hour Simulation Input File and the Afterno@hbur Simulation

Input File, generate the input files with different simulatitamtdime and periods. Note

that in these input files no work zone information is recorded.

Step 3: According to the work zone information in the oty modify the input files

generated in step 2. The details of the modification piaoeehave been introduced in
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Chapter 3. After the modifications, new CORSIM input filegh work zone

information can be obtained.

Step 4: For these new CORSIM input files, call CORSIM.Ed run simulation.

4. Postprocessor Module

The objective of the Postprocessor Module is to intetheeCORSIM outputs to the
objective function values, which should be send back tophienization process. The

steps are demonstrated in Figure 5-6.

Step 1: Read the network-wide delay times from the simulatigputs of the CORSIM

input files generated in the preprocessor module.

Step 3: Calculate the user delay in work zone conditions.

Step 4: Calculate the user delay in a normal situation withiotk zones according to

the and hourly network-wide delay time obtained in the amapn module.

Step 5: Calculate the used delay caused by work zoné@wdefined in the candidate

solution by subtracting the delay without work zones from #iaydwith work zones.

Step 6: Calculate the user delay costs based on thedeksr obtained from the

simulation model. The other cost components are still caéxlila an analytical way.
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Figure 5-4 Framework of the Preparation Module
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Figure 5-5 Framework of the Preprocessor Module
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Figure 5-6 Framework of the Postprocessor Module

5.3 Methodsfor speeding up Simulation-based Optimization

In order to reduce the computational burden while still esitngarecise work zone
costs, two methods are proposed in this subsection. Qoeingprove the solution
search efficiency by pre-optimizing the decision variablased on an analytical
model before performing simulation-based optimizatiome Bther is to incorporate
parallel computing into the simulation-based optimization focekrating the

solution evacuation process.

5.3.1 Hybrid Method

In this method, the analytical method derived from sinmutatesults is applied to
evaluate the objective function in the first stage of the tagestPBSA algorithm.
Initial optimization based on the analytic model is perfatiaed the result will be sent

to the second stage as a relatively good initial solution. énsttond stage, the
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optimization model based on simulation method performs a defiearch inside the

promising region provided by the first stage.

Through this hybrid approach, complete simulations cavbgled in the early search
phases. The optimizing search process based on simufagtd can start from
pre-optimized decision variables and thus may be ableedach a high quality
optimized solution in an efficient way. The hybrid method wilighcombine the
benefits of the wide search algorithm and the local sedgchithm as well as integrate

the advantages of macroscopic analytic methods and na@icssimulation methods.

Before optimizing through the hybrid method, it is importantc&dibrate well the

simulation model to reflect the actual situation in the real-wanid also calibrate the
input parameters, such as capacity, average speedlytieal model to maintain the
consistency between the analytic model and simulatiotietao Note that the study

network should be simplified into the networks explored Withanalytic models.

5.3.2 Application of Parallel Computing

Parallel computing is the simultaneous use of multiple coenpasources to solve a
problem in order to obtain results faster. The idea istan the fact that the process of
solving a problem can be divided into smaller tasks, whiay foe carried out
simultaneously with some coordination. There have beem alsvide range of
applications incorporating parallelism into optimization methoslich as parallel
branch-and-bound algorithms Géndron and Crainic, 1994 and parallel
metaheuristicsAlba et.al., 200 For NP-hard combinatorial optimization problems,

metaheuristics are more frequently used than exact selyohthms. Among those
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metaheuristics, population-based algorithms are particuady to implement and
promises substantial gains in performance because theedure of evaluating
multiple solutions is naturally prone to parallelism. For dpegeup the optimization
process, the 2PBSA algorithm is re-programmed for llghreomputing. Figure 1

shows the PBSA procedure with the master-slave model.

(1) Parallelization model

The major concept of the parallel 2PBSA algorithm is to thigte the computations of
the objective functions over multiple processors, compute workstation networks.
We implement this concept using a master-slave paralligliz paradigm Cantu-Paz,

1997, in which a “master processor” synchronizes androtmthe main loop of the
solution search procedure while multiple “slave process@s&cutes solution

evaluation tasks.

At each solution evacuation step, the “master processstribdites computational
tasks and necessary parameters necessary to the fslawessors”. The “slave
processors” receive the messages, complete the taskem return the results to the
“master processor”. Figure 5-7 shows the PBSA praeediith the master-slave
model. The parallel programming is based on Messagarigasnterface (MPI)
(Pacheco, 1998; Paul, 20p5wvhich is a widely-used library of functions and macros

that can be used in C, FORTRAN, and C++ programs.

(2) Task Distribution
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From a direct point of view, it is natural to define “evalugtthe objective function
value of an individual” as a “task” which is assigned f@racessor. The parallelized
solution evacuation procedure consists of three phasélsaisited in Figure 5-8. In
the first phase, the master process divides all individoadssubgroups as equally as
possible according to the number of individuals along withrtumber of available
processors and sends each subgroup to its correspgmndagssor. In the second phase,
each processor receives a group of individuals. & saveral simulation replications
for each individual, and then returns the average resullee master processor. In the
third phase, the master processor collects all evaluasaoitsafter completing its own
evaluation task, and then completes the whole procedith. this preset task
distribution method, all available processors including thestenaprocessor can

contribute to the solution evaluations.

Note that there is another possible way to distribute tdsksead of distributing
individuals (solutions), a simulation replication with a presetioan seed associated
with an individual is treated as a unit of task. After evaluatresults of all
replications have been returned, the master processar ttakeverage and matches
the average value to each individual in the current pdpualathe potential benefit of
the approach is to reduce the load imbalance causediape of simulation time of
different individuals, which may lead to different netwongestion level. In the
current study, this approach is not applied. This may béhvexploring in the future

studies.
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5.4 Numerical Experiment
54.1 Test Network

A hypothetical network with multiple origins and destinatieimwn in Figure 5-9 (a),

is conceived in order to demonstrate the methodologiesmgezsin this chapter. The
network consists of a corridor with a four-lane two-Vl@gway and a parallel arterial.
The freeway is 3.11 miles long. Both off-ramp decelematianes and on-ramp
acceleration lanes are 800 feet long. The single-laneigrie unidirectional. An

actuated signal alternates permission between the off-radha arterial. The arterial
approaches to the on-ramp are controlled by a pre-tirgedisontrol. The network is

coded in CORSIM (Figure 5-9 (b)) and it is simplifiedao analytic model (Figure
5-9 (c)). Both lanes on the freeway section AB are tonba@tained and therefore in
total 6.22 lane-miles need to be maintained. It is assuhrdliane closures are
prohibited in morning peak hours from 6:00 am to 10M@0iae., the work zone activity
is restricted from 10: 00 am to 6:00 am the next day. efbeg, our analysis is based

on a 20-hour cyclic period from 10:00 am to 6:00 anmidnet day.

The baseline numerical values are shown in Table Bwkelwork rates are available
for selection, as shown in Table 5-2.

Table 5-3Table 5-3 provides the assumed baseline tdidficbutions on the mainline
and detour over each day. To calibrate the simulation Indde simulation
parameters, the car following sensitivity factor and rublzking factor, are tuned to
equalize the maximum hourly throughputs to theoretical wagdcapacities. Since
CORSIM MOE related to vehicle operating cost cannot provelable estimate
(FHWA, 2007) user vehicle operating cost is not considered ingtiuidy. Idling cost

is also set to 0 in this test.
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All experiments are run on four PCs. Each PC hasGB%f RAM and two Pentium
® IV3.60 GHz processors. Since using two procesatnsh shares memory in the
same computer will considerably increase the simulation itingach processor due

to memory access conflict, only one processor is useddh computer.

(b) The Simulation Model of the Study Road Network in CORSIM

Q
< oh o yotr——o0+—,
A Q B
C Qs D
»O »O >

(c) The Analytic Model of the Study Road Network

Figure 5-9 The Analytic Model and Simulation Model of the Study Network
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Table 5-1 Notation and Baseline Numerical Inputs

Variable Description Value
Lag Length of Segment AB 3.11 miles
Lac Length of Segment AC 0.93 miles
Lcp Length of Segment CD 2.49 miles
Log Length of Segment DB 0.93 miles
Nag Number of lanes in Segment AB 2 lanes
Ncp Number of lanes in Segment CD 1 lane
Co Maximum discharge rate without work zone 2,200 vph /lane
Cw Maximum discharge rate with work zone 1,600 vph /lane
Vs Average approaching speed 65 mph
Vw Average work zone speed 55 mph
Vep Free flow speed in Segment CD 45 mph
Vacios Average speed in Segment AC/DB 45 mph
Tint Average waiting time passing intersections along the 30 seconds/veh
detour
Na Number of crashes per 100 million vehicle hours 40 acc/100mvh
Va Average accident cost 142,000%/accident
Vy Value of user time 12 $/veh-hr
Nw Number of closed lanes in Direction 1 1 lane
N Number of usable counter flow lanes in Direction 2 0 lane
N4 Number of access lanes 0 lane
P nax Allowable maximum diverted fraction 30%
Table 5-2 Candidate Work Rates
Zl 22 23 Z4
Work Rate ($/zone) ($/lane.mile) (hr/zone) (hr/lane.mile)
Rate A 1,000 32,000 2 12
Rate B (baseline) 1,000 33,000 2 10
Rate C 1,000 34,000 2 8
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Table 5-3 AADT and Hourly Traffic Distribution in the Study Network

Time Time Mainline Detour
Period Qi (vph)  Qz(vph) Qs (vph)
0 0:00-1:00 220 930 392
1 1:00-2:00 157 645 391
2 2:00-3:00 148 301 367
3 3:00-4:00 198 238 432
4 4:00-5:00 448 240 432
5 5:00-6:00 1,425 326 432
6 6:00-7:00 2,941 580 734

7 7:00-8:00 3,541 887 1,276
8 8:00-9:00 2,897 977 1,505
9 9:00-10:00 2,509 1,134 1,363
10 10:00-11:00 1,793 1,283 951
11 11:00-12:00 1,586 1,589 772
12 12:00-13:00 1,528 1,544 700
13 13:00-14:00 1,475 1,673 670
14 14:00-15:00 1,541 2,074 773
15 15:00-16:00 1,414 2,808 954
16 16:00-17:00 1,079 3,501 1,042
17 17:00-18:00 957 3,719 1,026
18 18:00-19:00 991 3,061 832
19 19:00-20:00 779 2,171 770
20 20:00-21:00 554 1,433 644
21 21:00-22:00 504 1,314 559
22 22:00-23:00 436 905 392
23 23:00-24:00 325 720 391
AADT 29,446 34,053 17,800
Average Hourly 1227 1419 742

5.4.2 Optimization Results

For comparison, two work zone optimization models, witkd anthout applying

hybrid method, are applied separately to search fooptienal work zone plans for
the example problem using the parallel two-stage Populaésed Simulated
Annealing algorithm (2PBSA) with the parameters listed ineré4. The two cases

are denoted as S-2PBSA and H-PBSA, respectively.
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Table 5-4 Algorithm Parameters in 2PBSA with and without using Hybrid Method

Stage PBSA Algorithm Parameter S-2PBSA H-2PBSA
Solution Evaluation Method Simulation Analytical Model
1 # of Generations 11 11
Population Size 10 10
Simulation Replication 5 N/A
Solution Evaluation Method Simulation Simulation
2 # of Generations 11 11
Population Size 2 2
Simulation Replication

Table 5-5 provides the optimized results. H-2PBSA vyields game optimized
solution as S-2PBSA, with a 0.9 mile length zone, work vatand 13-hour time
window from 4:00 pm to 5:00 am next day. Compared toduroent policies used by
the Maryland State Highway Administration (MDSHA), tbptimized results yield

lower total cost per lane mile, as shown in Table 5-6.

Table 5-5 Optimized Results of S-2PBSA and H-2PBSA

Optimized Results S-2PBSA H-2PBSA
Time Window 16:00-5:00 (16:00-5:00)
Work Duration 13 hours 13 hours
Work Zone Length 0.9 miles 0.9 miles
# of Closed Lane 1 1
Work Rate Rate A Rate A
# of Periods Needed 7 7
Agency Cost ($/lane.mile) 33,090 33,090
User Delay Cost ($/lane.mile) 147 147
Total Cost ($/lane.mile) 33,238 33,238

Table 5-6 Comparison of the Optimized Results and Current Policies

Optimized Results S-2PBSA Current Policy 1 Current Policy 2
Time Window 16:00-5:00 9:00-15:00 17:00-5:00
Work Duration 13 hours 6 hours 12 hours
Work Zone Length 0.9 miles 0.33 mile 0.83 mile
# of Closed Lane 1 1 1
Work Rate Rate A Rate B Rate B
# of Periods Needed 7 15 7
Agency Cost ($/lane.mile) 33,090 35,500 34,000
User Delay Cost ($/lane.mile) 147 208,817 98
Total Cost ($/lane.mile) 33,238 244,371 34,098
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Figure 5-10 shows how the optimization processes coavéirgan be seen that in the
first stage the PBSA algorithm finds relatively good sohgian both cases. In
H-2PBSA case, the PBSA at second stage works quiteeetftiy to search for better
solutions through simulation within the relatively good neighbods provided by the

first stage.

Table 5-7 and Figure 5-11 show the performanceseop#nallel 2-PBSA when using
different numbers of processors. As expected, the rgnimime decreases as we add
processors. H-2PBSA uses much less running time th2RBSA because fewer

solutions are evaluated through simulation.

Optimization Convergence

38,000

Sagel Stage 2

37,000 —e— S-2PBSA

—&— H-2PBSA

36,000 -

35,000 +

[
34,000 ¢
1
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33,000

Average Work Zone Total
Cost($/lane.mile)

32’0001111111111 —
1 2 3 4 5 6 7 8 9101 1 2 3 4 5 6 7 8 9 1011

Generation

I I I I I I I

Figure 5-10 Convergence toward Optimality of S-2PBSA and H-2PBSA

Table 5-7 Running Time with Varying Number of Processors

Running Time S-2PBSA H-2PBSA
1 Processor 31.8 hours 6.3 hours
2 Processors 17.4 hours 3.4 hours
3 Processors 14.0 hours 2.5 hours
4 Processors 11.6 hours 1.9 hours
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Figure 5-11 Running Time with Varying Number of Processors
5.4.3 Findings

In this experiment, the methodology for optimizing short-tevark zone decisions
based on simulation is tested. Two methods, hybrid methddarallel computing,
proposed to reduce the computational burden imposeatebgimulation process are

examined. From the results, we obtain the followingifigs:

* The simulation-based work zone decision optimization withasing any
speed-up methods is quite time-consuming, even for divedia small

problem.

» The hybrid method combines the advantages of the ta@lymethod
(quickness) and simulation (more precision). It catdysatisfactory solutions,
which are close to simulation-based optimization resulis,obtained with

much less computation time.

» Experimentation demonstrates the effectiveness of the paralteputing

techniques.
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Chapter 6 Joint Optimization of Short-term and

L ong-term Decisions

When competing alternatives resulting in different futureep@gent performance are
taken into account in a rehabilitation project, one-time workezcoost is no longer
suitable for measuring their cost-effectiveness. Instead, customized
cost-effectiveness index, which accounts for both pev# performance and
life-cycle cost, may be employed as measure of effews® This chapter starts by
modeling how a long-term pavement decision affects tleecitle agency cost and
user cost. After that, a methodology jointly optimizing shertn work zone
decisions and long-term pavement decisions is developedatomize the cost

effectiveness of the maintenance activity.

6.1 Problem Statement

The selection of paving strategies, including differembloimations of layer material

and layer thickness, is an important decision in highwedwabilitation projects. It is

desirable to construct a pavement section that providesgalife and thus reduce

future agency and user costs due to higher overall l&veskrviceability and less

frequent maintenance and rehabilitation activities. Howevegedolived pavements

may increase the one-time work zone agency and us& dae to more expensive
construction cost and longer lane closures. Figure dgficts the difference in

performance levels and corresponding costs for difterehabilitation strategies.

Therefore, a tradeoff between short-tem costs and tenmg-costs has to be made
when determining pavement design features and traffiagement infrastructure in

rehabilitation projects.
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A reasonable approach for evaluating maintenance decisohffe Cycle Cost
Analysis (LCCA), which combines all costs and all reiqgifuture expenditures into
Net Present Value (NPV) or Equivalent Uniform Annual Co&8/AC) over the

analysis period. NPV and EUAC are calculated withftilewing equations:

n 1 Eq.6-1
NPV=C,.+>» C.(t)| ——
T IZO: LT(){(l_}_I)I}
. \n Eq.6-2
EUAC= NPy @FD"
@+n"-1
where, C¢ = one-time work zone cost;

Cr(t)= future cost in year t;
i = interest rate;

n = the number of years of the analysis period;
Involving the long-term user operating costs oesatosts and formulating them as

functions of pavement conditions is a way to coastte effect on pavement condition
in LCCA analysis. However, long-term user costswseally difficult to quantify in

monetary terms and even if they are quantifiedy tead to overwhelm agency costs,
particularly in high-volume roadways, which may #asgnificant agency cost

differences among alternatives. Therefore, LCCAajppropriately applied only to

compare project implementation alternatives thatldioesult in the same level of
service and benefits to the project. In order tacenate and comparing competing
pavement strategies that may yield dissimilar par@nperformance levels, a cost
effectiveness index (CEI) involving the use of gevement performance curve, the
traffic growth curve, and the Life Cycle Cost, ioposed as the economic indicator for
assessing and quantifying the nonmonetary and rmgnéienefits and costs. The

preferred paving strategy is the one that maximilzessCEI.
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Figure 6-1 Pavement Strategies and the Corresponding Performance and Costs

6.2 Sudy Scope and Assumptions

This study focuses on optimizing pavement decisions in raghvehabilitation
activities, and specifically in pavement resurfacing (ovenbagjects.

Assuming that the pavement deterioration and improvemedelsiare deterministic
and follow the Markov propertyover a long planning horizon, a steady state can be
reached by conducting the same measure of rehabilitativenever pavement
deteriorates from the restored serviceability leWl) (to a threshold serviceability
level (P) (Tsunokawa and Schofer, 1994; Li and Madanat, 2002;aBgyand
Madanat, 2008 Therefore, the cyclic time interval between two relialion
activities is used as the analysis period. Figure 6-2sgae example showing

different life cycles for two paving strategy alternatives (Altahd Alt 2).

% A stochastic process has terkov property if the conditional probability distribution of fuke states of the
process depend only upon the present state; thgiven the present, the future does not depentie@past.
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Uncertainties and stochastic features in the deterioratameps are beyond the scope

of this study.

A A
Alt 1 = Shorter Service Life Alt 2 - Longer Service Life

S Pm SR S

5 Pt 5 Pt

§ <—ﬁ §

& Life Cycle of Alt 1 & Life Cycle of Alt 2

[ o

Year' Year'
(a) Cycle Length of Alt 1 (a) Cycle Length of Alt 2
Figure 6-2 Pavement Strategies and the Corresponding Cycle Length
A i .

. It is assumed here that the traffic expected

g to travel over the pavement increases
linearly over time with a constant growth

AADT rate (GR), as shown in Figure 6-3. Note
that the GR refers to actual growth rate
instead of compound growth rate. Annual

> Average Daily Traffic for future yeat,
Year (f) represented by AADT(t) can be
determined from the baselinADT,
Figure 6-3 Traffic Volume Trend using Eq.6-3.
AADT(t) = AADT_ (1+ GRI) Eq.6-3

Pavement is modeled as a two-layer system compsedsting pavement layer and

overlay layer.

6.3 Long-Term Pavement Decision

In practice Hot Mix Asphalt (HMA) and Portland CemieéConcrete (PCC) overlay
over existing pavement are considered to be thet mosimon techniques for
rehabilitating existing asphalt and concrete pavemeBy placing the needed
thickness of paving materials on top of an exisfpiayement, overlay (resurfacing)

will return the pavement to a high level of serais#ity and provide the necessary
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structural strength for the pavement design period. Adidate paving strategy
specifies a set of critical design variables including butestricted to:

(1) the type of paving materials;

(2) the thickness of the layers;

(3) the restored serviceability levéty);

(4) the threshold serviceability leve?y;

(5) the necessary annual maintenance @@s#)(

6.3.1 LifeCycleLength

Given necessary parameters such as traffic loadingrialajealities and environment
conditions, the expected length of time interval betweeiogie rehabilitation actives,
called life cycle length (CL), can be predicted by using ABSHTO 1993 design
equation inversely AASHTO, 1998 In the 1993 AASHTO Guide, the design

equations for flexible pavements and rigid pavementasfellows.

log,, (W) = A Eq.6-4
For Flexible Pavements
APSI
log,(

A=Z.xS, +936xlog,,(SN+1) - 020+ 42-15
1094
040+

(SN + 1) 519

)

+ 232x%log, (M) — 807

For Rigid Pavements
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APS|
109,

- 45-15
A=Z7Z,[5, + 735009,,(Th+1) — 006+
R glO( ) . 164X107

(Th+1)®®

)

S, [T, [Th*®-1.132
1842
(B k)™

+ (422~ 0320p,) llog,,

215630) EEThO'75 -

where, Wyg = predicted number of 18 kip Equivalent Single Axtead (ESAL)
Zr = standard normal deviate;
S  =combined standard error of the traffic predictamd performance prediction;
Mr = subgrade resilient modulus (in psi);
APSI = difference between the restored design serviceabilidex and threshold
serviceability indexAPSI=P-P;;

N
SN = structure numberSN=> amTh
i=0
N. =the number of layers;
a =thei" layer coefficient;
m =thei" layer drainage coefficient;
Th =thei" layer thickness (in.);
Th  =thickness of pavement slab (in.);
S. =modulus of rupture of PCC(psi);

Cq =drainage coefficient;

J = load transfer coefficient;

E. = modulus of elasticity of PCC (psi);
kn = modulus of subgrade reaction (Ibj)n.

Assuming that the traffic grows linearly over tintlee accumulated number of ESALs

over the life cycle can be calculated using Eq.6-5

AADT_ + AADT, (1+GRITL) Eq.6-5

2

Wie = 365BDLEE } (Fega (D,

where, CL = life cycle length (yr);
GR = traffic growth rate;
AADT,, = designed AADT for baseline year when rehabibitats conducted ;
D, = lane distribution factor;

NV
Fesau = ESAL factor, Fegy = Y PVEV, ;
i=1
NV =the number of vehicle classes;
PV, =percentage of th& vehicle class;
EV. =ESAL factor of the" vehicle classs;
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We substitute Eq.6-5 into Eq.6-4 and obtain the prediCtetly solving the resulting

quadratic equation.

Eq.6-6
cL=-1| f1+2REL -1
GR B

where, B =365[AADT  [F s, D,

6.3.2 Maintenance Time and Cost

Generally, thinker overlay and improved materialsuld achieve longer life cycle

length. However, the associated time and cost reduo accomplish unit resurfacing

work are expected to increase due to higher méatpriae, increased amount of

material and intensity of work activity (the sizadanumber of the equipment and

labor needed in work zones). Therefore, in additmthe resulting life cycle length,

candidate paving strategies may differ in termtheffollowing two parameters:

(1) The average agency cost required to accomplishiteammount of rehabilitation
work, represented by the parameter

(2) The average work time needed to complete a uniuataf work, represented by

the parametez,.

For instance, thin HMA overlays (2 inches and tegskness), medium HMA overlays
(2-4 inches thickness), and thick HMA (4 inches amdater thickness) overlays
usually extend the pavement serviceability 5-10rgje&-12 years, and 10-15 years,
respectively. The average agency costs for ovendsts different thicknesses can
range from $0.07 million/lane-mile to $0.48millitavie-mile NYSDOT, 2006

According to data obtained from the Maryland Staighway Administration, it takes

184



about 4 hours to pave one lane-mile pavement with 1.®2:EMA overlays and 5.2

hours per lane mile for 2.0 inch HMA overlays.

Since the overlay thicknes®)is one of the most significant design variables when the
material type is determined, it is assumed that the unit tumek and costz, andz,,
increase linearly with the overlay thickness, as expdessd=q.6-7 and Eq.6-8, in
which ay, by, &, and ky are parameters that can be obtained from field data@ugh

regression analysis based on historical database.

z, =a, +b,Th Eq.6-7
z,=a,+b,[Th Eq.6-8
where, Th = overlay/slab thickness (in.)

6.4 Cost-Effectiveness Index

To economically evacuate a number of feasible pavemesigm alternatives and
identify one that may be the most cost-effective to build anaintain, a
Cost-Effectiveness Index (CEIl) is developed to comsigeer benefit attained with
relation to long-time riding qualities and greater durabdgywell as the total cost to
the agency and to the road users over the pavemenydife c

The effectiveness indicator is based on the average @rol AADT and pavement
condition index over the life cycle. The cost indicator isERRAC per lane mile. The
ratio of the effectiveness indicator to the cost indicatorsisduas the measure of

cost-effectiveness of candidate pavement strategies.

1 (o Eq.6-9
B o jo AADT(t) CP(t) [t
CEl=— =CL
Cl Ce.
where,CEl = Cost-Effective Index;
Cl = Cost Indicator;
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El = Effectiveness Indicator;
t = Age (years);
P(t) = Pavement condition for year t;
AADT(t) =Annual Average Daily Traffi®olume for year t;
CcL = EUAC per lane-mile ($/lane-mile).

6.4.1 EffectivenessIndicator

The variation of the pavement condition with dg), is modeled with a deterministic
pavement deterioration model. The pavement surfacehnasg or riding comfort is
represented by the Present Serviceability Index (R$)alscale between 0 and 5, with
5 being a perfectly smooth ride and 0 being an essentighigssable pavement. In this

study, the deterioration curve for a rehabilitated paveimsexpressed as:

P(t) =P, -b? Eq.6-10

where, P(t) =PSI at timd;
a = a constant parameter which controls the degafesurvature of the
performance curve;

b =a constant chosen in such a way #@&@L)=P;, b= %

By substituting Eq.6-3 foAADT (t) with Eq.6-10 forP(t), the effectiveness indicator

(El) can be derived as follows:

1 ca Eq.6-11
El _EIO AADT(t) CP(t) [alt

_ 1 A
_ajo AADT,, [{L+GR) [{P, —b[{*) [t

P,-P P, P,-P
= AADT p - YHiGRO-M-"_ Y[CL
n B, ==2——) + ORI~ 1) [CL

6.4.2 Cost Indicator

Competing pavement strategies may result in diffelde cycle durations GL).
Therefore, EUAC (per unit area), which producesyerly costs of an alternative as if

they occurred uniformly throughout the analysisigugris used to compare the life
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cycle costs associated with each competing alternativecd$tecomponents in this

analysis include:

(1) One-time Rehabilitation Cost€¥)

One-time Rehabilitation Costs consist of those agency dBgtaNd user costC()
associated with rehabilitation of a pavement at time O ieriagic life cycle. Detailed
formulations of each cost components can be found apteh3. The value of one-time
rehabilitation costs depends highly on the time/cost parani®teand z,), traffic

condition AADT,, and distribution), and short-term work zone decision.

(2) Long-term Future Cost€(y)

In this analysis, a constant annual maintenance costrigemlge C yv) is considered as
the major component of the long-term future costs. This isodte expenditure by
transportation agencies on annual routing maintenancétiastisuch as crack sealing
and pothole patching. Long-term user costs in normal opesatimainly vehicle

operating cost associated with the consumption of fueltise and discomfort due to
road roughness are excluded in the cost indicator.eflieet of paving strategy on

traffic is considered instead in the benefit indicator.

Therefore, EUAC per lane-mile can be calculated froenféflowing equation, where

Lt represents the total lane-mile of the pavement to be rehedallita

. .\ CL Eq.6-12
cl=c,=1|c, @™V | ¢
L | T+ -1
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6.5 Joint Optimization of Long-Term and Short-term Decisions

The cost-effectiveness of a paving strategy can feetafl by one-time rehabilitation
costs, which significantly vary with short-term work zatexision. On the other hand,
the most suitable short-term work zone decisions depenahich paving strategy is
utilized accounting for different unit maintenance time aost @associated with each
strategy. Consequently, it will aid the agencies to make thst roost-effective
investment from a long-term point of view by jointly optimizitige long-term

pavement decisions and short-term work zone decisions.

With the objective of gaining the highest Cost-Effectiveriadex (CEI), the index of
the candidate pavement strategies along with the work necesion variables

considered in Chapter 3 are jointly optimized. The optiminati@del is expressed as

follows:

Model 2

Objective:

Max CEl(k,m, X) :g

_ AADT, P, (k) - F’mz(k) _ Pm(lzJ:ZPa(k)

N PN ELL G il PO
L @+i)® -1

Puk) =R (k)
a+1

+GR[ ) [CL(K)]

Subject to:
(1) Rehabilitation Budge Constraint
(2) Work Zone Operation and Traffic Impact Consttsi
where, k =the index of the paving strategy alternative ID;
m =Number of work zones;
X =Work zone characteristics.
L+ =Total lane-mile of the pavement required to bealslitated.
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Figure 6-4 illustrates the procedure to solve this optimizatiablem. For each
candidate pavement, the effectiveness indicator is calduldte Eq.6-11 and then the
cost indicator is obtained by calling the short-term wonkezdecision optimization

model developed in Chapter 3.
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6.6 Numerical Examples

6.6.1 Experiment Design

To examine the capability of the proposed joint optimizatiothowology, a set of
paving strategy alternatives are provided for consideratitine sample maintenance

project on a 4-lane freeway section with an alternabwer studied in Chapter 4.

In all strategies one layer of HMA overlay is placed oretkisting pavement that has a
residual structure number (SN) of 2.6 and the ovedatores the pavement PSI from
2.5t0 4.5. The annual routine maintenance cost is 1000&ne-mile. These strategies
differ in overlay thicknesses ranging from 1.5 inche$ iaches, which leads to the
variation of associated unit rehabilitation time, unit rehabilitatost, and the life

cycle duration.

Table 6-1 Description of the Candidate Paving Strategies

SItD?;tlggy Strategy Description Category Overlay Thickness Py, P;
# inch
1 Thin HMA Overlay Light Rehabilitation 15 4.5 25
2 Thin HMA Overlay Light Rehabilitation 2.0 45 25
3 Medium HMA Overlay = Moderate Rehabilitation 25 45 25
4 Medium HMA Overlay = Moderate Rehabilitation 3.0 45 25
5 Medium HMA Overlay = Moderate Rehabilitation 3.5 45 25
6 Thick HMA Overlay Heavy Rehabilitation 4.0 4.5 25
7 Thick HMA Overlay Heavy Rehabilitation 4.5 4.5 25

Assuming a fixed cost of 30,000 $/lane-mile and a vagiabkt of 52,000 $/lane-mile
per inch, the unit rehabilitation cost can be derived fronidt@wving linear function:
z, =30,000+52,000(Th

where,Th = thickness of HMA overlay (inch);
Z = unit rehabilitation cost ($/lane-mile);
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Based on the data obtained from the Maryland StatewdighAdministration Chen,
2009, the following linear regression models are develope@stomate the unit

rehabilitation time given the thickness of HMA overlay.

z, = 04+ 24Th

where,z; = unit rehabilitation time (hr/lane-mile);
Table 6-2 provides the cost and time information associated with each test paving strategy.
The variations of the unit rehabilitation cost and time with the HMA overlay thickness are
illustrated in Figure 6-5 and Figure 6-6. Given the necessary pavement design parameters
listed in

Table 6-3, the life cycle length can be predicted with 5qadhceAADT,, and other
traffic related information is available. Figure 6-7 illages the change of the life

cycle durationCL) with increasing overlay thickness under differ@ADT,, levels.

To investigate the effects of traffic level, the short-temork zone decisions and
long-term pavement decisions will be jointly optimized under ARDT ranging
from 60,000 to 140,000, at increments of 20,000 vehatdgs The traffic distribution
is fixed. An AADT of 100,000 vehicles/day is set as theehas scenario. Another
important experiment tests whether jointly optimizatiomézessary or not. Since
detour control has the potential to significantly affect the-tbme work zone cost, the
joint optimization is conducted twice for each AADT level sm&m one without any

detour control and another with SO detour control.

Sensitivity analysis is conducted to examine how variatiogaffic growth rate and

discount rate affect the optimization results.

Table 6-2 Cost Information of the Candidate Pavement Strategies
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Paving

strategy Z 2 Z3 Z CLM
# $/Im $/lm hr/Im hr/im $/Im-year
1 1000 78000 2 8.0 1000
2 1000 94000 2 104 1000
3 2000 110000 4 12.8 1000
4 2000 126000 4 15.2 1000
5 2000 142000 4 17.6 1000
6 4000 158000 6 20.0 1000
7 4000 174000 6 22.4 1000

*$/Im=dollars per lane-mile; hr/lm=hours per lane-mile; $/Im-year=dollars per lane-mile per year

Table 6-3 Pavement Design Parameters

Variable Description Value
Material Overlay material HMA
ZR standard normal deviate 0.40
S combined standard error of the traffic predictiol a 0.35
performance prediction
Mg subgrade resilient modulus (psi) 10,000
N, the number of new layers 1
a the layer coefficient 0.26
m the layer drainage coefficient 0.9
SN Structure number of the existing pavement 2.6
E; ESAL factor for passenger cars 0.0002
E, ESAL factor for Single Unit Trucks 0.37
GR Baseline Traffic Growth Rate 3%
i Baseline Interest Rate 4%
N the number of lanes in the maintained road sectio#
Do Lane Distribution Factors 100%  (N=1)
90% (N=2)
70%  (N=3)
60%  (N24)
- 300,000.00
(%]
8  250,000.00 | (
S T 200,000.00 |
8 £
= ¢ 150,000.00
E CE 100,000.00 ¥
o &$ ’ '
,f':c 50,000.00
c
> 0.00
1.5 2 2.5 3 35 4 4.5

Overlay Thickness (inch)
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Figure 6-5 Variation of Unit Rehabilitation Cost with Overlay Thickness
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Figure 6-6 Variation of Unit Rehabilitation Time with Overlay Thickness
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Figure 6-7 Variation of CL with Overlay Thickness at Different Traffic Levels

6.6.2 Optimization Results
(1) No Detour Control in Work Zones

Without using any detour control, the jointly optimized ldagn and short-term
decisions at varying AADT levels are provided in Tabld and Table 6-5. The
variation of Effectiveness Index, Cost Index, and the apétion objective CEI with

pavement thickness and traffic level is shown in FiguB & can be seen that the
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paving strategy with the highest CEIl and that with the lbWésnay be different. At
lower traffic levels (AADT=60,000 to 80,000), the 4.8lnoverly is the most durable
and the most cost-effective paving strategy because tamypaork zone activities
have less impacts on traffic. At higher traffic leved\DT=100,000 to 140,000), 4.5
inch overlay results high one-time work zone cost, whialddeo high life cycle cost
Equivalent Uniform Annual Costs even though it gives the pawe the longest life
cycle length. Instead, a 3.5 inch overlay obtains tls foadeoff between EIl and Cl

and is returned as the optimal paving strategy at highéc tevels.

Figure 6-8 (c) indicates that the CEI does not increaskecrease monotonically with
thickness. Therefore, it is hard to find a general tiolesthickness associated with
different traffic levels. This also demonstrates the rfeedetailed cost-effectiveness
analysis when determining long-term work zone decisions.

Table 6-4 Optimized Long-Term Decisions and Long-Term Impacts (No Detour Control)

Optimal Overlay LifeCycle

AADT Thickness Length El Cl CEl
Vehicle/day inch year - - -

60,000 4.5 18.17 287,240.35  21,152.44 13.58

80,000 4.5 14.28 366,656.43  30,570.08 11.99
100,000 35 8.03 425,503.73  36,613.86 11.62
120,000 35 6.81 502,874.63  46,879.50 10.73
140,000 3.5 5.91 580,072.93  55,121.38 10.52

Table 6-5 Optimized Short-Term Decisions and Short-Term Impacts (No Detour Control)

Traffic #of | Work Zones Str#l Str#2 Str#3 Str#4 Ca Cy Cr
Level | periods | Time
# hr/ # Lane | Work | Detour | Merge $ $ $
period Closure| Rate Control
19:00-07:30 | double | normal no yes
60000 26 21 . 3,048,210 | 33,189 | 3,081,400
07:30-16:00 | single | normal no no
80000 35 11 20:00-07:00 | double | medium no no 3,783,470 | 21,364 | 3,804,830
100000 28 10 | 20:30-06:30 | double | normal no yes 2,864,420 | 22,868 | 2,887,280
120000 30 8.5 | 21:30-06:00 | double | medium no yes 3,213,560 | 10,798 | 3,224,360
140000 34 8 22:00-06:00 | double | medium no yes 3,347,200 | 9,749 | 3,356,950
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Figure 6-8 Performance Measures of Paving Strategies at varying Traffic Levels (no detour
control)
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(2) SO Detour Control in Work Zones

Table 6-6 and Table 6-7 provide the jointly optimized longiteand short-term
decisions when applying detour control. The variatiorEfféctiveness Index, Cost
Index, and the optimization objective CEI with pavement theskrand traffic level is
shown in Figure 6-9. At all traffic levels, 4.5 inch ovgrtautperforms other pavement

options in terms of El, Cl, and CEI.

The test shows that the one-time work zone cost comesuyp to each candidate
paving strategy can be further reduced by employingefit traffic impact mitigation
strategies, such as merge control and detour coirate the effectiveness index and
life cycle length are not affected by short-term work zdeeisions, the cost index
(life cycle cost) decreases. Consequently, the costiefeness of heavy
rehabilitation is greatly improved at higher traffic leve@d&\DT=100,000 to 140,000),
and the 4.5 inch overlay, instead of 3.5 inch overlaljjeves the highest durability
and cost-effectiveness among all alternatives. It cleartijcates that changing

short-term work zone decisions does affect long-tervimgadecisions.

Table 6-6 Optimized Long-Term Decisions and Long-Term Impacts (Detour Control-SO)

Optimal Overlay Life Cycle

AADT Thickness Length El cl CEl
Vehicle/da inch year

60,000 4.5 18.17 287,240.35 19,022.42 15.10
80,000 4.5 14.28 366,656.43 23,336.78 15.71
100,000 4.5 11.79 445,229.69 30,505.83 14.59
120,000 4.5 10.05 523,301.78 37,755.58 13.86
140,000 4.5 8.76 601,049.66 45,973.72 13.07

Table 6-7 Optimized Short-Term Decisions and Short-Term Impacts (Detour Control-SO)

Traffic| #of \Work| ... Str#l | sStr#2 | Str#3 | Stri#a Ca Cu Cr
Level |periods | Time
hr/ Lane | Work Merge
# period # Closure| Rate Detour Control $ $ $
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60000 12 24 | 16:00-16:00 | double | normal SO yes |2,661,030 | 94,673 | 2,755,710
80000 14 22 | 18:00-16:00 | double | normal SO yes | 2,718,140 |155,963 | 2,874,110
19:00-08:00 | double | normal SO yes
100000 | 25 21 - 3,157,600 |119,601 | 3,277,200
08:00-16:00 | single | normal SO yes
120000 | 33 12.5 | 19:00-07:30 | double | normal SO yes | 3,525,970 | 65,466 | 3,591,430
140000 | 35 11 | 20:00-07:00 | double |medium | SO yes |3,876,360 | 46,564 | 3,922,930
650000
600000
550000
é 00000 —e— AADT=60,000
25 —=— AADT=80,000
§ 450000 —a— AADT=100,000
§ 400000 AADT=120,000
23, 350000 = ———*" | % AADT=140,000
= |,_’—l—’—'/_/./
%' 300000 |
250000 . I e
200000
15 2.0 25 3.0 35 4.0 45
Overlay Thickness (inch)
(a) El of each Paving Strategy at varying Traffic Levels
(detour control-SO)
45000
40000
35000 f——————— & —e— AADT=60,000
% —=— AADT=80,000
2 3000(’. —a— AADT=100,000
3 25000 v ———a — AADT=120,000
© —%— AADT=140,000
20000t~ W . @
15000
10000
15 2.0 2.5 3.0 35 4.0 45

Overlay Thickness (inch)

(b) CI of each Paving Strategy at varying Traffic Levels

(detour control-SO)
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Figure 6-9 Performance Measures of each Paving Strategies at varying Traffic Levels (detour
control-SO)

6.6.3 Sengitivity Analysis

(1) Interest Rate (i)

The interest ratel) is the discount rate by which future costs will be coreeto
present value. It reflects the opportunity value of timeé @&y vary with the degree
of risk and uncertainty. By increasing interest rate frovh @ 10%, the optimal
paving strategy in the baseline scenario (AADT=100,000detour control) switches
from 3.5 inch overlay to 1.5 inch overlay, as showirigure 6-10. The performance
measure indices (El, Cl and CEI) associated with eacimgatrategy under interest
rate of 4% and 7% are compared in Figure 6-11 £g),(€). It shows that a higher
interest rate does not affect the EI but increases tmee@sured by EUAC. When the
paving strategy is ranked based on CEI value, higitast rates favor a low intensity

rehabilitation option with smaller capital investment.
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Interest Rate (i)

Figure 6-10 Optimized Paving Strategy for Varying Interest Rates
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Figure 6-11 Performance Measures of each Paving Strategy for varying Interest Rates

(2) Traffic Growth Rate (GR)

Traffic growth rate (GR) is an important parameter inwaking pavement life cycle
duration, as expressed in Eq.6-6. The GR reflectsutiueef traffic loads. Figure 6-12
gives the optimal overlay thickness when the GR varies f@&nma39%. When GR is
below 7%, 3.5 inch overlay is the most cost-effectivatsgy. After GR exceeds 7%,
thicker overlay (4.5 inch) outperforms the other optiohs Figure 6-13, the

performance measure indices (El, Cl and CEI) assaciwith each paving strategy in
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baseline scenario given 3% and 7% GR are compareah Ibe seen that both El and
Cl of a paving strategy increase when GR rises. Thatian of GR doesn’t change
the one-time work zone cost but affect the life cycle lengtierefore, the CI of a
given paving strategy increases with a higher GR. Simme travelers will be served
in future year, the El also increases. The new CElats of increased El and CI,
may change the ranking of paving strategies, as showigumeF6-13 (c). Generally,
high intensity rehabilitation is preferable at high traffrowth rates because it can

provide better paving conditions for future traffic.

B Baseline AADT=100,000|

4.5

Optimized Overlay Thickness (inch)

3% 4% 5% 6% 7% 8% 9%
Traffic Growth Rate (GR)

Figure 6-12 Optimized Paving Strategy for Varying Traffic Growth Rates
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Figure 6-13 Performance Measures of each Paving Strategy for varying Traffic Growth Rate
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6.6.4 Findings

The extensive experiments demonstrate that the most “deSipalving strategy may
vary, depends on whether long-term user benefit (medshy EI) is taken into
account, and whether short-term work zone decisionsogtenized. With the
objective of maximizing the Cost-Effectiveness Index, whiefiects the tradeoff
between benefits and costs, the proposed jointly optimizatiethelncan obtain a
maintenance plan with satisfactory durability and relativelylitawcycle cost.

The optimized long-term and short-term decisions ansitee to the variation of
current traffic level, traffic growth rate, and intereater A high intensity paving
strategy usually achieves the longest performance life tbe associated high
one-time work zone cost may affect its cost-effectivergsggecially at high traffic
levels. Employing efficient traffic management tactics amdimizing short-term
work zone decision are useful in reducing the life cgol&. High traffic growth rates

favor higher intensity strategy while high interest réé®®r the opposite strategies.
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Chapter 7 Conclusionsand Future Work

7.1 Summary of the Dissertation

A significant fraction of the nation’s current highway teys has been in poor,
mediocre, or fair condition. To sustain highways in a safi usable condition, state
and federal transportation agencies have increased thgenuthration, and scope of
maintenance activities in recent years. However, roadapacity reduction caused by
work zone activities is one of the principal contributorsém-recurrent congestion,
and the resulting disruption to traffic may significantligaf the safety of the travelling
public, workers and other highway users. To addtlkesabove issue, the Federal
Highway Administration has promoted the concept of a cehmmsive transportation
management plan (TMP), which is an innovative combinatioragbus coordinated
mitigation strategies encompassing construction plans, tamypwaffic control (TTC)
measures, traffic operation management, safety managiermed other factors.
(FHWA, 200%. All federal, state, and local highway agencies are waged to
develop and implement TMPs for planned work zone activitidgh the public’'s
increasing need for better mobility and safety in workezpMMP design remains a
challenging task for agencies, especially when the scaleandlexity of the project

increase.

To aid decision makers design an effective TMP, aprehensive methodology has
been developed here for evaluating as well as optimizirrg mane decisions. After
examining major concerns of involved stakeholders andttite of art research and

practice on work zone management in Chapter 2, a sdrant-work zone impact
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evaluation model is established in Chapter 3. This analyticalemcalculates the
resulting one-time work zone cost given a set of criticalkwzone characteristics. In
Chapter 4, a work zone decision optimization model is prapdse minimize

short-term impacts. A Two-Stage Population Based Simulatettaling (2PBSA)

algorithm is developed to search for near-optimal solutionthe proposed
optimization problem. The capability of the optimization methodiesonstrated
through numerical experiments in which the analytical one-tivoek zone cost
model is used to evaluate the objective function value di eaadidate solution.
Chapter 5 explores the feasibility of conducting short-tevork zone decision
optimization with the solution evaluated by simulation instead afyéinal model.

Since simulation-based simulation is quite consuming, twedjpp methods, hybrid
method and parallel computing, are proposed to accelégmteptimization process.
Chapter 6 proposes a model to jointly optimize short-terthlamg-term work zone
decisions which can maximize the cost-effectiveness, tijiean by an index

reflecting the cost-benefit trade-off.

7.2 Research Contributions

The main contributions of this research are describeodllasvé:

(1) Developing a systematic approach integrating short-term and long-term

work zone decisionsinto one optimization framework

In previous work, the selection of long-term pavingtgigies was usually made by
experts on paving management while the optimization ofrkveone management
plans was mostly explored by researchers in the fieldaffidrengineering. Their

works are relatively separate due to different studpesoHowever, those long-term
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and short-term maintenance decisions are highly intescklat practice. In this
research a methodology is proposed with which decisionmweimg and traffic parts

are jointly optimized so that improved cost-effectivenesn be achieved.

To further reduce the work zone impacts on road ukegsway workers, businesses,
and community, nowadays it is a rising trend of encougpagdesigners/construction
engineers, traffic engineers, safety experts and oteehnical specialists are
increasingly encouraged to work together on developiognaprehensive work zone
management plans employing a set of coordinated mitigaticategies. The

methodology developed in this dissertation overcomes the linmgatd repetitive

manual process required in traditional work zone managepian design, so that

high-quality optimized design sets can be provided tesaecmakers.

(2) Improving the analytic model to estimate short-ter m work zone impacts

To make wise work zone decisions, it is important to peécisvaluate their impacts
on traffic mobility and safety. A number of analytic modeé&s/e been proposed in
previous studies. However, most of them are based t@nntieaistic queuing models
and do not consider the stochastic nature of traffic flowaddition, over-simplified

assumptions on work zone speed estimation or detour ioeHavther limit the

accuracy of their estimation results. The analytic modetldeed in this study takes
account of the effect of the traffic randomness andratblys which are difficult to
model analytically by introducing a work zone systemdgtay. A regression model
derived from simulation results is established to estimateeatic delay. Instead of

using a pre-determined fixed value, the average wor& gpaed is time-varying and it
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is estimated with a speed-flow model also developed fromlaiion results. A
modified Bureau of Public Roads (BPR) function propobgdSkabardonis and
Dowling (1997 is used to estimate delays on detour routes becauseuits tester fit

the real-world data and simulation results than the star&RRIfunction, especially

when volume-to-capacity ratios exceed 1.0.

An experiment comparing the performances of the prapesalytical model and
CORSIM simulation model shows that the analytical modabis to quickly estimate
work zone delay at a satisfactory precision if importapuit data, such as work zone

capacity and work zone speed, are accurately provided

(3) Incorporating different detour models

Diverting traffic to alternative route has great potential tiigatte the traffic impact by
utilizing spare capacity in a road network. However, theeds’ diversion behavior
responding to lane closure was not well modeled in prevétudies. This research

embeds three models for predicting time-varying detousrate

e System Optimization (SO) model returns the optimal diversion wdteh
minimizes the total delay on mainline and detour routes mvghch time unit. The
SO diversion rates obtained from the SO model can peaodtrol objectives for
Intelligent Transportation System (ITS) in work zone sites.

* Logit-based Route Choice (RC) model borrowed fromgSand Yin 200§
estimates diversion rates based on the difference dflttewe on mainline and

detour routes. The RC model is more suitable for roas wgleo are not familiar
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with the work zone situation and are quite sensitive to ltrawee information
provided by ITS.

* User Equilibrium (UE) model obtains the diversion rateiclvhminimizes the
difference in travel time between mainline and detour rodtee. UE model is
recommended for situations in which road users have relatgood knowledge

of the road network and traffic conditions.

Through numerical experiments, we found that selectiomtiud model considerably
affects the optimized work zone decisions. Thereforlarbeapplying our work zone
impact estimation model in real-world projects, it is critimalelect an appropriate
detour model based on data from stated-preferenceysuoreother user behavior

studies.

(4) Introducing trafficimpact mitigation strategiesinto optimization model

Most of existing work zone optimization studies develoffeglr models based on
selected work zone decisions, which may restricts the Imextendibility. In this

research, we proposed a one-time work zone cost mirtionizenodel to optimize

work zone decisions that may be frequently considered iFMP. The decision
variables are classified into continuous decision variaateks discrete ones. Lane
closure starting and ending times are included as contirdemision variables. A data
type called “general strategy” is created to flexibly model discrete decision

variable. By this means, it would be quite convenient tariddhe model customized
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traffic impact mitigation strategies (e.g. lane closure tygeselerated work rate,

capacity adjustment, demand adjustment, etc.) as dectsitwesoptimized.

(5) Developing the optimization mode for recurrent work zones

We noticed that lane closure schedules in most major maimterprojects are periodic
time windows due to repeated daily or weekly patternsbeeli by the traffic.
However, previous studies on work zone optimization ra fully utilize this
characteristic and as a result their problem size and crityplacreases with the
maximal allowable project duration. This may potentiallyus the efficiency and

scalability of their proposed search algorithm.

In addition to an optimization model for general work zone®d® 1-1) and a
simplified optimization model for a single work zone (ModeB)l-another model
(Model 1-2) modified from the general model is formulatedbptimize work zone
decisions in a user-specified cyclic period, such as &desgeor a weekend. The
major assumption of this model is that the same work zoestpn repeats until the
maintenance task is completed. By considering thesesgalassues, we expect that
the gap between theory and practice can be reducetharilexibility and scalability

of the optimization procedure can be improved.

(6) Developing an efficient algorithm to solve the optimization problem

A heuristic algorithm, called the two-stage populationedasimulated annealing
algorithm (2PBSA), is developed to solve the short-termmkwamne optimization
problem. In the first stage of this algorithm, an initial optimiara process focusing

on optimizing continuous decision variables is performettha result is then sent to
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the second stage as a relatively good initial solution. Irs¢ftend stage, a refined
search focusing on discrete decision variables is coeduanside the promising
region provided by the first step.

In a test problem, the result of the convergence, optynafid reliability analysis
proves that the 2PBSA reliably obtains near-optimal solutidimee low traffic levels
may enlarge the feasible solution space, it is recommendethéhoptimized solution
quality should be ensured by increasing the populatian atizhe first stage and the

number of generations at the second stage.
(7) Developing a simulation-based optimization model

Microscopic simulation programs, which model each vehid a separate entity, are
usually expected to provide more accurate estimategelutle speeds and delays
compared to analytical procedures, especially when thigctrafpacts or roadway
networks are complex. Therefore, the methodology faimoping short-term work
zone decisions based on simulation is introduced indiksertation. With the same
optimization algorithm 2PBSA, a simulation method, instead ohtredytic method,
is applied to evaluate the objective function. Two majorri&a in applying

simulation into work zone optimization include:

* Microscopic simulation is a quite time-consuming processr dolution
evaluation;

» Simulation results may not be precise when evaluatind™tvark zone decisions

that may cause over-saturated conditions.
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To overcome these limitations, two methods, namely aidthybethod and parallel
computing, are proposed to increase solution searchiesifly and reduce the
computational burden imposed by the simulation proceke. Aybrid method, in

which the analytic method is used in the first stage totiiggoromising regions for

solutions while the simulation method is applied in the sectaggsis tested through
a hypothetical network. The result indicates the hybrid metiaodyield satisfactory
solutions, which are close to simulation-based optimizatisualts but obtained with
much less computation time. Experimentation also demonstretesffectiveness of

the parallel computing techniques.

(8) Summarizing findings based on sensitivity analysis

Based on the findings of sensitivity analysis aiming toveéra the variation of key
input parameters on the optimization results, general ljjngdeare developed to aid

work zone management plan design:

* Proper lane closure tactics (e.g. scheduling work zortene windows during
which the remaining capacity is enough to accommodassinma traffic) can
significantly reduce the work zone costs;

» Deployment of traffic impact management strategies, sucheage control and
detour control system, can be beneficial and cost efesatispecially on projects
with high resource/labor idling cost, longer fixed work zaetup time, and
tighter deadline.

» Detour control has great potential to mitigate the traffipaot and reduce project

cost. Its effectiveness highly depends on road usket®ur behavior model as
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well as the physical and traffic characteristics of the hm@nand alternative
routes as well as.

* The paving strategy with the best durability or that with theekivlife cycle cost
may not be the most cost-effective solution when theefitecost trade-off is
considered. High traffic growth rate favors higher intignstrategy while high

interest rate favors the opposite.

7.3 Recommendationsfor Future Sudies

Despite the demonstrated capabilities of the proposed wamk evaluation and
optimization models, we recognize that these models canuttleerf improved.

Possible extensions of the analysis and models developied study are desirable, as

follows:

(1) Safety-Related Work Zone Impacts

In current studies, work zone impact on safety is meashy an estimated accident
cost, which is calculated with a simple model relating acciddet r@ total user
delays. In practice, the accident rates during roadstoaction may be attributed to
traffic volume, work zone length, duration of work, warkensity, lane closure
strategy, lighting condition, truck involvement, use maiffic control devices, speed
limit, and many other driver/vehicle/environment charasties. The work zone
decision evaluation model can provide better measurefefysalated impacts by

incorporating an improved safety model based on bdstdo+ statistical analysis.

(2) Systematic Delay
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We found that the systematic delay is a significant portbrtotal user delay
especially when traffic volume exceeds capacity. Curyethi systematic delay is
estimated based on a regression model based on simulegidis and the V/C ratio
is the only independent variable in this model. It wouldriteresting to investigate

what other factors contribute to the systematic delay and h

(3) Simulation model

In the current study, simulation is used to estimate thedes®ys caused by work zone
activities. In fact, many other Measures of Effective{B¥SEs) can be obtained from
the simulation outputs, such as density, speed, environmefitdts and fuel
consumption. We would seek to exploit more information e by simulations in
future research. In addition, finding ways to model diffeteaffic control strategies,
such as time-varying detour control system, within the simoulathodel can also

expand the model’s capability.

(4) Simulation-based optimization

In the hybrid approach proposed in this study, the @inatgethod and simulation
method are used in different stages. Local search loasgidhulation is performed in a
relatively good neighborhood obtained from the first stalhe algorithm might be
more efficient when performing multiple analytic optimizatisteps between each
simulation step instead of employing these two methogdarately in two stages.
Another possible way to improve the algorithm is to startséwond-stage refined

search from multiple local optimal solutions found in the fstige instead of
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searching in only one good neighborhood. This poo® may require additional

efforts spent on processing solutions saved in an etiteva.

(5) Multi-objective Optimization for Agencies and Contractors

The use of innovative time-related contracting methods lgng.rental, and cost (A)
and time (B) bidding) creates a new situation in which aifiedecision makers may
have different concerns so that a shared optimizatiorehrady not be suitable. To
increase the applicability of the optimization tool by adoptiifferent contracting
methods or considering the objectives of different kindgool users, the proposed
optimization models should be modified to reflect the neétlesportation agencies,
contractors, or other involved stakeholders. For examplemulti-objective
optimization model that simultaneously minimizes the total costedsas the total
project time may be more suitable for contractors to optinhiee construction plan
in Cost plus time (A+B) bidding provision. When lane rentalemployed as a
contract provision, it might be important to improve wadne cost model by adding
working time-related cost and a “negative cost” repra@sgntinancial incentives

obtained from completing the project ahead of time.

(6) Uncertainty of Input Parameters

In current analytical work zone decision evacuation moids assumed that all
parameters are accurate and deterministic. Howeveiatiear in parameters and
collected data that may result in the uncertainty about theiistp well-known fact,
especially in long-term analysis. The potential combinedrgrmay impact the

estimation accuracy and thus bias optimization results eTdrey;, this issue should be
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addressed in the future studies by quantifying the unegrtaf evaluation outputs

and enhancing the robustness of the optimization method.
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