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(ABSTRACT)

Infrastructure systems are critical to sustaining anproving economical growth. Poor
condition of infrastructure systems results in losiductivity and reduces the quality of
life. Today's global economy forces governmentsststain and renew infrastructure
systems already in place in order to remain cortipetand productive (GAO, 2008).
Therefore, civil engineers and policymakers havenbguite interested in the overall
guality of the highways and bridges throughout tHe (Miller, 2007). Transportation
networks are essential parts of the Nation’s infuasure systems. Deterioration due to
age and use is the main threat to the level ofie@mbserved in surface transportation
networks. Thus, highway agencies throughout theddrfstates strive to maintain, repair
and renew transportation systems already in plisitke¢, 2007). A recent disaster, the
collapse of the Minneapolis 1-35 W Bridge, once iageevealed the importance of
infrastructure preservation programs and resultedebates as to how state departments
of transportation (DOTs) should and can presereedkisting infrastructure systems.
Therefore, it is essential to establish effectivaintenance programs to preserve aging

infrastructure systems.

The major challenge facing the state highway masmee managers today is to preserve
the road networks at an acceptable level of sembitiey subject to the stringent yearly
maintenance and rehabilitation (M&R) budgets. Mamaince managers must allocate
such limited budgets among competing alternatiwsch makes the situation even more
challenging. Insufficient use of available smartid®n-making tools impedes eliciting
effective and efficient maintenance programs. Hentdds thesis presents the

development and implementation of a network-leelgment maintenance optimization



model which can be used by maintenance managerslasision-making tool to address

the maintenance budget allocation issue.

The network-level optimization model is establisiveith the application of the Linear

Programming algorithm and is subject to budget tamds and the agencies’ pavement
performance goals in terms of total lane-milesanlepavement condition state. This tool
is developed with Microsoft Office Excel. The tamn compute the optimal amount of
investment for each pavement treatment type irnvangiunding period. Thus, the model
enables maintenance managers in highway agenca=/&op alternative network-level

pavement maintenance strategies through an autdraateoptimized process rather than

using what-if analysis.
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CHAPTER 1

1. INTRODUCTION AND SIGNIFICANCE OF THE PROBLEM

Infrastructure systems are critical to sustainingd damproving economical growth. Poor
condition of infrastructure systems results in Ipsdductivity and reduces the quality of life.
Today’s global economy forces governments to sustad renew infrastructure systems in order
to remain competitive and productive (GAO, 2008)efkefore, civil engineers and policymakers
have been quite interested in the overall qualitthe highways and bridges throughout the US
(Miller, 2007). Transportation networks are essdrgarts of the Nation’s infrastructure systems.
Deterioration due to age and use is the main thoe#te level of service observed in surface
transportation networks. Thus, highway agenciesutinout the United States strive to maintain,
repair and renew transportation systems alreagjaice (Miller, 2007). The future prosperity of
USA and growth in the US economy highly dependtennration’s highways, railways, transit
systems, airports and ports (ASCE, 2005). One eagouraging example of how the United
States can benefit from setting infrastructure nesance as a priority is South Korea. South
Korea, one of Asia’s poorest countries in the 19%5@s seen an outstanding economic growth
due to substantial investment in transportationastfucture systems and, thus, is ranked as the

world’s 11" largest economy today (Miller, 2007).

Highway agencies in the United States have utiliedr resources for the construction of new
paved road networks for 40 years starting from $9&til the late 1980s. Reign of this strategy
mainly stemmed from the Traditional Federal Highwaggram in that highway agencies could
invest the fund provided by The Federal Highwaystrikund only in construction of new

infrastructure systems. Decision-makers in highaggncies viewed M&R costs as “sunk costs”
in that there was no mechanism that held them atable for preserving infrastructures already
in place (Dornan, 2002). Hence, highway agenciaging to benefit from the Federal Highway

Trust Fund used their available resources for napital projects. Disregarding the paramount
importance of maintaining existing infrastructugstems in a timely manner and omitting the
long term consequences of deferred maintenancétedsa increasing needs for renewal and
replacement of highway infrastructure assets (Dur2a@02).

A report to FHWA dated 1996 shows that investmaniew highway construction projects has



declined since 1989, while rehabilitation work go@ventive maintenance projects started to
have the priority in fiscal programs of highway ages (Hicks et al., 1997). According to the
same report, the amount of funding necessary tsepre the existing level of pavement
serviceability was $50 Billion while the amount spavas only $25 Billion as of 1996. To
aggravate the matter, this ever-lasting gap betweqnoired funding to maintain the existing
infrastructure systems in the US and available imdhas been widening day by day.
Infrastructure Card Report released by ASCE in 2@0ints out this widening gap. The
aforementioned report dated 2005 shows that availdinding for highway improvement
programs was $59.4 billion, while required funditoyimprove transportation infrastructure
condition nationally was $94 billion (ASCE, 2005Finally, the gap between required
transportation surface program investment and abiail fund for maintenance and repairs
through 2010 is $1.6 trillion (Miller, 2007). Thestatistics clearly suggest that Federal Highway
Funding will continue to be insufficient to maimaand rehabilitate highway infrastructures
already in place. The fact that current transpiomasurface programs fail to consider sound and

detailed economic analysis in planning and selgatiaintenance projects aggravates the matter.

Consequently, the major challenge facing State D@hagers today is to preserve state road
networks at an acceptable level of serviceabilitgler the stringent yearly maintenance and
rehabilitation (M&R) budgets. Managers must allecatich limited budgets among competing
alternatives, which makes the situation even mdrallenging. Infrastructure 2007 report
published by The Urban Land Institute and Ernst &uNg states that “the programs in some
areas do not employ the best tools and approachessure effective and efficient investment
decisions” (Miller, 2007).

In conclusion,infrastructure systems in USA are in an urgent neédmnaintenance and
rehabilitation and therefore must be treated imuatetl. Thus, infrastructure maintenance
policies need to be established and consideredoasrity in spite of never ending budget gaps.
Therefore, it is essential to establish effectivaintenance programs to preserve aging
infrastructure systems already in place in USA. fidllewing sections will first explain different
notions inherent in deferred and preventive masmter; state the importance of timely

application of preventive maintenance and then @mpreventive maintenance with deferred

2



maintenance. Finally, the MS candidate will justifiye motive behind this research by
demonstrating the need for effective network-lepallement maintenance programming and
propose a network level optimization model througtich VDOT and other State DOTs will be
able to select the best maintenance program foraheé network - that is, what proportion of
available budget to spend on which treatment typesich time period so that the network-level
maintenance program will yield the most effectivee uof resources and achieve the best
pavement performance throughout the road netwohle groposed model will use a network
level optimization approach subject to VDOT’s arninM&R budget constraints and VDOT's
performance targets.



CHAPTER 2
2. LITERATURE REVIEW

2.1. MAINTENANCE STRATEGIES
Infrastructure systems deteriorate due to extegffakts such as usage, climate and aging.

This deterioration unfortunately cannot be elimagatHowever, maintenance strategy and its
application time affect long term condition andfpenance of a road network. Therefore, it
is essential to know logic behind widely used mamance strategies such as deferred and
preventive maintenance. Figure 1 shows typical peare life cycle of a pavement section
and the significance of the optimal timing of pawmmaintenance application in terms of
pavement performance and cost. As seen in thed-ijuthe older the pavement is, the more
rapidly it deteriorates. Application of preventiveaintenance in the first 15 years of
pavement life, that is- before pavement conditietedorates to fair condition, not only cost
less, but also extends the life of pavement.

PCI
100  Excellent =—4— i
Pavement Condition Index
40% drop in qualit
Good = Y
Fair e Y 75% of life $1.00 for PM here
Will cost $4.00
Poor = / to $5.00 here
20  Very Poor — 40% drop in quality
‘F1 2% of life
H [} 1 ] 1
Faled ™M1 TTTT T T T T I T T T TTTTI
5 10 15 20

Figure 1: Typical Pavement Life Cycle (Hicks et a].1997)

Figure 1 also suggests that frequent but smallrekpges could result in more cost effective
programs in long term than applying costly treattaetfter Pavement Condition Index, PCI, of a



pavement falls below fair condition levelFurthermore, the U.S. Army Corps of Engineers
developed the pavement condition index (PCI). B@sstablished based on the type and severity
of 19 different distresses for hot-mix asphalt (HMAads and streets (Zimmerman, K.A. and
Peshkin, D. G., 2003). PCI suggests a numericalg &tetween 0 and 100 (100 represents a

pavement in excellent condition).

2.1.1. Deferred Maintenance

Highway agencies reluctantly defer some maintenactens due to their limited annual
M&R budgets. This is known as “Deferred MaintendnceDeferral of required
maintenance actions affects serviceability of pasnsignificantly, thus deficiencies on
pavement become visible. Hence, disturbance onuears increases due to drop in ride
guality, while endangering road safety. Considerthg foregoing characteristic of
deferred maintenance, highway agencies not onlytéaiprovide sufficient level of
serviceability to meet public demand for betterlquaighway services, but also incur
high expenditures to correct severe deficienciegi(#hd Tighe, 2004). Consequently,

deferred maintenance results in increase in lildecgost of a pavement.

2.1.2. Preventive Maintenance

Hicks et al. (1997) define preventive maintenarséPaogram strategy intended to arrest
light deterioration, retard progressive failuresdareduce the need for routine
maintenance” (Hicks et al. 1997, pp. 1). An impottalement of preventive maintenance
is timing. Figure 2 and Figure 3 show the impact ppbperly applied preventive
maintenance and delayed preventive maintenancieocytle of pavement respectively.
A distress value between 0 and 50 corresponds datiafactory pavement condition,
while a distress value greater than 50 illustraiesatisfactory pavement condition.
Diagonal lines in both figures represent accumndpfiavement distress over the life of a
pavement. Figure 2 illustrates that preventive memance application to a pavement
section in a satisfactory condition significantlxtends the serviceability life of a

pavement, while Figure 3 shows that taking no megsto retard the progressive

! Solid blue line in Figure 1 represents the eqeinaPCl level for distress point 50 used in Figiand 3



deterioration of a pavement necessitates correati@mtenance. The timely application
of preventive maintenance is best illustrated ki ¢bmparison of shaded areas in both
figures. Shaded areas represent the improvemenienpavement condition due to
application of treatments. According to Figures 12d a3, pavements, which have
treatment applied when severity of distress is leggeive substantial benefits in terms of
extension in pavement life, whereas pavementshitnae treatment applied when severe

distress is present receive little benefit.
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Furthermore, preventive maintenance programs aotside-makers in making reliable
and accurate forecasts in terms of future road ertwondition. Consequently, knowing
future road performance will enable decision-makierplan preventive maintenance
projects, required work force and budget aheadimk t(Galehouse, 1998). This
statement reinforces the argument which emphatiizegaramount importance of having
a preventive maintenance program based on reliddtie and robust decision-making

tools.

2.1.3. Deferred Maintenance vs. Preventive Maintenance

Application of preventive maintenance in timely manis useful in extending pavement
life (Hicks et al., 1997). However, it is a chaliinto justify the superiority of preventive
maintenance over deferred maintenance due to sartairc reasons. Table 1 lists

advantages and disadvantages inherent in theseitiety used maintenance strategies.

Preventive Maintenance Deferred Maintenance

Slows down the pace of deterioration, exten Applied when pavement is seriously

the life of a pavement deteriorated and distress is visible
Substantial less costs incurred but earlier  Higher costs incurred to correct deficiencies
Life-cycle cost of pavement reduces Life-Cycle Cost of pavement increases

Improvements are not immediate or visible Improvements are visible and immediate

Table 1: Preventive Maintenance vs. Deferred Mainteance



2.2.PRIOR RESEARCH IN NETWORK LEVEL OPTIMIZATION
Various approaches for network level optimizatioh roaintenance and rehabilitation

programming have been proposed in recent yearsn@ontomponents of these approaches

are as follows:

= Identification of network information system
= Evaluation of Current Needs

= Definition of treatment strategies

= Prediction of Future Condition of Assets

= Development of an optimization algorithm

= Selection of Appropriate Treatments

Previously proposed optimization approaches haveparticular, two essential elements,
namely optimization algorithms and pavement per@oroe prediction models. Such
elements could vary remarkably depending on rekesst approach to the problem.
Investigation of mathematical models in order tedict the future pavement performance is
still getting a lot of attention from researcheparticularly, the Markov prediction model
seems to be the most frequently used approachetigting future pavement condition due
to its ability to integrate rehabilitation and pavent deterioration rates in a single transition
probability matrix (Abaza and Ashur, 1999). Abana &shur (1999) applied Markov model
to predict future pavement performance and devel@e@aonlinear optimization method to
establish optimum pavement condition throughoutrnigievork subject to budget constraints.
The Markov model used by Abaza and Ashur consistédree main components.
= Five condition states, namedy b, c, dandf, representing excellent, good, fair, poor
and bad condition respectively.
= Deterioration transition probabilitieB;;, representing pavement deterioration rife.
represents the probabilities that a pavement seetitd deteriorate from state i to
state j in a single time interval
*= Maintenance transition probabilitief, representing the probabilities that a pavement
section will improve from state i to state | in age interval as a result of

maintenance actions applied in a given interval.



The main objective of the research done by Abarafestinur (1999) was to determine the
optimum future maintenance and rehabilitation parogto be implemented. The model
proposed was able to provide decision makers witbumt of investment required for
each maintenance and rehabilitation treatmentegfyain order to achieve most effective
M&R program.

Turnquist and Mbwana (1996) described a networkllpavement management system
using a large scale linear programming algorithomverted from dynamic programming
formulation, in order to achieve network level optzation (Mbwana and Turnquist,
1996). Markov Transition Probabilities, as useaniany previous researches in this field
such as those by Chen et al. (1996) , Liu and W&886) and Abaza and Ashur (1999),
were employed in the model in order to predict fetpavement condition. However,
Turnquist and Mbwana’s formulation of the markowid®n process model assigned a
specific identity to each individual section definan the network. Thus, maintaining
identities related to each individual section isque for the problem of network level
optimization. Hence, this approach aids in traositfrom network level planning to
project level actions easily since section-specgavement conditions are available
(Turnquist and Mbwana, 1996). The model developad applied to highway network in
Nassau County, New York; solutions produced wergepked and were compared with
the practices followed in New York State. Howewdiang et al. (2003) do not favor this
approach due to its complex and disputable assonmgp{Wang et al., 2003)

Another approach used in modeling network levelinogation problem is goal -
programming. Raviarala et al. (1997) favored thppraach due to its strength in
considering problems encompassing conflicting dbjes with different degree of
importance. Prior works published by Raviarala dbdvas (1994) show that goal
programming is beneficial to attain conflicting ebjives simultaneously. However, goal
programming sustains a few disadvantages in thet ot easy to integrate Markov
Transition Probabilities into optimization procedufFurthermore, integer programming
used in this approach is inapplicable to large esg@vement networks due to high
9



computational requirements (Raviarala et al.,, 19%¥9nce, the model proposed by
Raviarala et al. (1997), instead of an integer @oyg uses a linear program to develop
optimal multi-year maintenance program. A set ofedir functions of the decision
variables is defined in order to create the goabgmam for pavement network
optimization. However, this model entails up-fragffort in order to assess network
condition and controls specification. Assessmemtatfvork condition involves definition
of pavement states, inventory and inspection datéde controls specification consists of
three processes, namely treatment identificatiamdition-treatment matching and

estimation of pavement state transition times.

Developing a reliable pavement performance premhictnodel is as essential as the
algorithm used in the optimization model (Li et d4997). Thus, Li et al. (1997) stresses
on the importance of producing a pavement detdraramodel which considers the
effect of a treatment on pavement deterioratioa aditer maintenance actions take place.
In contrast, homogenous (time-independent) Markegision process disregards the
effect of applying a treatment to a pavement sacéind assumes that application of a
treatment has no effect on the deterioration r&f@gawement, regardless of the treatment
applied. This assumption conflicts with what ocaar§eld. Therefore, non-homogenous
(Time-related) Markov decision process was intredlby Li et al. (1997). The model
developed by Li et al. (1997) assumes that apphicabf a maintenance action to a
pavement section will result in a new deterioratrate which is computed based on
Ontario Asphalt Deterioration Equation (Li et a997). Furthermore, Li et al. (1997)
defined unit cost of each treatment and quantifiedeffect of each treatment strategy on
pavement in terms of a jump in PCI (Li et al., 1p9Vhus, cost-effectiveness based
priority programming for a network level optimizati problem was established. This
model adopts integer programming approach in theysuof producing the most cost-
effective maintenance program for each programmeey. The objective of this model
is to maximize the total benefit-cost ratio (coeetiveness) and to make comparisons
among different treatments planned for each progriangy year as to select best set of
maintenance actions, given available budget andrabnstraints (Li et al., 1997). This
comparison is based on unit cost of each treatstestegy as well as the particular effect
10



of each treatment on future pavement performanbe. 8ffectiveness of a particular
treatment strategy is defined as the product of #nea between the predicted
performance curve and minimum serviceability leweiltiplied by the length and traffic

volume of the section to which such particular tmeent strategy is applied. The
comparison made based on the cost effectivenesdtsrem prioritization among

treatment strategies, thus, producing a maintengragram for each year.

Another example of network level optimization modehs established in Arizona.
Arizona Department of Transportation used a netweviel optimization model whose
objective was to minimize the annual M&R cost other planning period. Liu and Wang
(1996) proposed a new network optimization systemeres available annual budget for
maintenance and rehabilitation was introduced a®rsstraint. The objective of the
proposed model was to maximize the pavement netwerkormance by effectively
using the available M&R budget. Liu and Wang (199%ed linear programming
approach to perform network level optimization. Tdigective function of the model

proposed is as follows;
Z=>>>w,0f
ki

Wherew';  denotes the proportion of roads that are in coolisitate at the beginning of
I"™ time of period of planning horizofi and to which the preserving acti@rs applied.
Heref; denotes the performance rating for condition stafieis used in the model as an
utility value to consider the impact of each coiudlitstate on overall pavement network
performance (Liu and Wang, 1996). The objectivecfiom maximizes the total pavement
performance over the planning horiZzbn
The outcome of this network level optimization miodas;

= The allocation of the annual budget for differergtimbenance actions

= Proportions of the pavements expected to be in eacfdition state at the

beginning of each year

Consequently, genetic programming algorithm has liegreat interest to researchers

striving to improve the current available optimieat models used for network level

11



M&R programming. Tack and Chou (2002) recentlgwéd that a genetic algorithm
based optimization proved beneficial in determinmgltiyear maintenance programs.
The objective of the model proposed was to bringualthe highest average pavement
condition level throughout the road network. Foliogvthe investigation for dynamic
programming algorithm along with two different génealgorithm techniques, namely
simple (SGA) and preconstrained genetic algoritf@GA), Tack and Chou showed that
SGA and PCGA techniques yield near optimal solgtioim addition, the degree of
flexibility and scalability inherent in genetic algthm technique is of great advantage in
that each pavement type may require different pan¢rdeterioration models and repair
types (Tack and J. Chou, 2002). On the other hdwdamic programming lacks such
attributes as flexibility and scalability. Thus, ndynic programming has proved
unsuccessful in adjusting to new variables intreduim the model. Therefore, Tack and
J. Chou (2002) concluded that dynamic programmiag the most difficult to implement
in comparison to SGA and PCGA. Furthermore, Cheuwalet(2004) enforces this
argument by asserting that genetic algorithm isable for problems with substantial
number of variables and constraints, since codbjgabive functions in genetic algorithm

is efficient and flexible.

In conclusion, previous research conducted in thgest matter strives for attaining one
common goal, that is — identifying the most efficipavement maintenance program in
network level while being effective in addressihg heeds of the system. Optimization
model developed within this research effort diffen@am the ones introduced thus far in
that it is very practical and easily reproducililece number of components pertaining to
the model far less than the models introduced pusly. Hence, it is very easy for any
decision-maker, regardless of technical backgrotmdtudy the model and make use of
it. Furthermore, the model works with values thavdr been found deterministically as
opposed to probabilistic approach, hence does eguire any rigorous probabilistic

calculations. Finally, the model developed hereiggests a very broad budget allocation
approach and a general view of pavement conditwoughout the network resulting

from such budget allocation approach. This reseadcs value to body of knowledge in
that simplicity and practicality inherent in the deb is likely to appeal to decision-
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makers in highway agencies since it does not regmvesting substantial time and
resources for doing pavement maintenance anatysiagh this model.

2.3.HIGHWAY ECONOMIC REQUIREMENT SYSTEM-STATE VERSION ( HERS-
ST)

Highway Economic Requirement System-State Verst#BRS-ST)software is a tool that
performs network-level optimization based on thaetkgsis of engineering knowledge and
applied microeconomics (FHWA 2005). Relationshgiween parameters, such as traffic
volumes, road capacity, pavement deterioratiorsy&geeds, crashes, travel time, curves and
grades, and other highway attributes comprise tiggtneering aspect, while cost-benefit
analysis used in HERS-ST is performed based omoegonomic theory. Engineering
relationships is used for determining the bensfich as travel time savings and operating
cost reductions. HERS-ST also incorporates discoatet and life-cycle cost analysis in its
analyses (FHWA 2005).

Moreover, Federal Highway Administration’s (FHWA'®¥fice of Legislation and Strategic
Planning used The Highway Economic Requiremente8y§HERS-ST) throughout the last
decade as a decision-making tool in order to deterrthe most effective national highway
investment level and strategy (FHWA, 2007). Thikighle tool aids in estimating the level
of investment required to accomplish economicallasible and optimal highway
maintenance and rehabilitation programs. HERS-Sdviges users with information
pertaining to system condition and user cost lebalsed on a level of investment used in
analysis.

As mentioned earlier, the level of expenditure @hway capital investment is an important
part of the analysis since this amount must befigdgton benefit-cost grounds. Rigorous
benefit-cost analysis is done by taking a repredmsat sample of highway sections. HERS-
ST determines alternative strategies for each@eetnd selects the best strategy that brings
the most beneficial improvements based on variggaraptions and constraints. Reductions
in user costs, agency maintenance costs due tonffrevements are accounted as benefits;
while the initial capital costs of the improvemeraiee considered as costs. Finally, the

HERS-ST model determines improvements requiring lesestment and achieving more
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benefits. The model can also provide the user &l resulting from a given level of

highway capital expenditure. Thus, the incremethefit-cost analysis inherent in the
HERS-ST program determines the optimal highway siment strategy. Subsequently, the
results obtained from analysis are generalized extchpolated to the highway network.
Finally, Congress uses the output of HERS-ST amalgs benchmarks to determine the
highway budget (FHWA, 2007).

Furthermore, future pavement and capacity defiogsncan be elicited by including specific
parameters in the analysis. Subsequently, HERS-&T determine a set of alternative
improvements to address pavement and capacity ielefies based on user-specified
constraints and performance objectives (FHWA, 20&ach improvement alternative goes
through precise benefit-cost analysis, and ultilyatiee most economically improvement
alternatives are identified (FHWA, 2007). In thedeof this process, users are provided with
the information related to overall pavement cowditthroughout the network, treatment
alternatives chosen for sections defined and lefehvestment required to maintain and
improve the prevailing pavement condition throughtie network which is divided into
sections (FHWA, 2007). The following two sub-sen8 give more details about
information that HERS-ST model is capable of prowyd

2.3.1. Objective of the HERS-ST Model

The model is suitable for determining beneficiapmvements in selected representative
sections at state level. Furthermore, the modepcavide projects that are likely to
prove cost-efficient for further study, based oa brenefit-cost framework implemented
in the model. HERS-ST might be able to assign piésrfor project funding, depending
on functional classes, geographic areas, or typespyovements. However, HERS-ST
does not consider the effect of interdependen@ésden prototype sections. Initial
improvement costs include typical capital experréguThe HERS-ST model can

provide users with the following information (FHW2007)

= What level of capital expenditure is justified cenlefit-cost grounds?

=  What user cost level will result from a given streaf investment?
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=  What investment level is required to maintain uest levels?

= What are the user cost and fiscal impacts of varte investment stream (e.g.,
postponing improvement of backlog deficiencies)?

= What are the tradeoffs between capital investmedtthe performance of the
highway system?

= |f total investment is less than the economicatficent level, how much is lost
in lower benefits?

= What is the cost, over 20 years, of correctingsiting and accruing highway
deficiencies?

= Given a certain investment scenario, what percentghe vehicle miles traveled
will be on roads with conditions below a minimuntetable standard?

= Given a stream of investment, what is the mostéffe mix of highway
improvements on existing facilities?

=  Will performance increase or decrease relativéédotase year?

=  What would be the effect of higher or lower fuetise tax rates on VMT and

capital needs?

2.3.2. HERS-ST Structure

The HERS-ST model consists of two separate prograamely pre-processor and the
main program. The pre-processor creates the HER&a&file based on the section data
pertaining to each section. Subsequently, usees éme inputs noted below in order to
perform analyses in HERS-ST (FHWA, 2007).

= A set of run specifications

= Tables containing design standards

= Deficiency levels for highways by functional system

= Specifications of the costs of highway improvememissidered by HERS-ST
= Emissions cost factors

» The HERS-ST data file
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The main HERS-ST program utilizes these inputséaligt possible improvements to the
road network. Thus, potential improvements for ehsiding period are analyzed and
compared. Thus, HERS-ST outputs expenditures bgtifural class and improvement
type, for each funding period. It should be nothdt tthis process is subject to the
parameters and constraints that users feed intonthgel. Finally, HERS-ST program
gives a set of tables noted below as the primatputFHWA, 2007).

= The state of the highway system at the start ofrtilmand at the end of each
funding period

= The changes occurring during each funding period

= The changes occurring during the overall analysrsogd

= The benefits and costs of the improvements corsideluring each funding
period

= The benefits and costs of the improvements consglethe overall analysis

period

2.3.3. Project Evaluation in HERS-ST Model

HERS-ST project evaluation process identifies sastiin the network, which need
immediate improvements, and selects suitable tratienfor each section identified
based on engineering and economic aspects. As eatédr, engineering analyses help
identifying the most suitable improvements; whereg®nomic analyses determines
which improvements are most beneficial. All fundipgriods in the overall analysis are
considered in the project evaluation process aeddsults are provided in tables as noted

in section 2.3.2.

Furthermore, HERS-ST consider various combinatajrtiree improvement types,
namely pavement, widening, and alignment (FHWA,JOBIERS-ST follows the

following procedure in order to select a projecatdarrent funding period.

* Is an improvement necessary for a section in angpeziod?

= If yes, HERS-ST provides a list of alternative imypgments for the section
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= Each improvement is evaluated for implementation

= Each improvement brings benefits with some levebgfenditure. HERS-ST
estimates expenditure pertaining to each impreargm

= The best improvement is selected for implementdimsed on cost-benefit ratio,
subject to funding constraints and performanceatives.

= The sum of all beneficial improvements on all imgd sections and total costs

incurred for all improvements are calculated.

The project evaluation process explained abovenmsarized in Figure 4.

Section Define
Data Improvement Estimate Select Report Investment
Alternatives | Impacts of p—3] Prefered |— Requirements and
Forecast (including do Alternatives Alternative Performance
Demand nothing)
DESIGN IMPACTS EVALUATION

Figure 4: Major Steps in Project Evaluation (FHWA, 2005)

In conclusion, the HERS-ST software is an analimi$ designed to aid transportation agencies
in planning and scheduling highway work, as weltatermining future highway system needs.
It is a well-structured smart decision-making toahich identifies deficiencies in highway
sections by simulating highway condition and perfance levels (Focus, 2003). Moreover, the
HERS-ST software considers economic criteria, all a® engineering principles, when it
simulates the selection of improvements for impletagon. In other words, HERS-ST suggests
only those projects with benefits exceeding initalsts pertaining to such projects, that is-
Benefit-Cost Analysis. 17 states in the United &tahave been using HERS-ST model for
statewide decision-making since 1997 and it hasygirdo be a very valuable transportation
planning tool. However, the HERS-ST model is veayadintensive. It also requires substantial
up-front time, effort and trained personnel, whitfects the practicality of the HERS-ST model.
Therefore, the network-level optimization tool greted herein has been designed to require a
few basic parameters, which are introduced in dtlewing sections. Thus, the amount of time

and effort needed for running the simulation in thedel developed within research is notably
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less than that of HERS-ST. Furthermore, output®rgiy the model presented herein are
concise and suggest less details pertaining tortlael network, whereas HERS-ST lists
improvements selected for each section in the nedaork with benefits and costs pertaining to

each improvement.
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CHAPTER 3

3. SPECIFIC OBJECTIVES AND SCOPE OF THE WORK

3.1.SPECIFIC OBJECTIVES
The study presented in this document builds uperrésearch conducted by de la Garza and

Krueger (2007). In their research titled “Simulatiof Highway Renewal Asset Management
Strategies”, de la Garza and Krueger (2007) sholed “what-if” analysis could help
highway maintenance managers develop, consider comdpare alternative pavement
maintenance strategies by changing the amount eflade maintenance budget and
pavement condition targets. Thus, highway mainte@ananagers could then determine the
most effective pavement maintenance programmingtegfy among alternative strategies
created through “what-if” analysis (de la Garza #&mwdeger, 2007). Furthermore, “System
Dynamics” approach is one of the major elementhefresearch undertaken by de la Garza
et al. (1998) to perform “What-if” analysis (de @Garza et al., 1998). However, “System
Dynamics” approach does not report the optimallle¥eénvestment to be allocated to each
renewal activity such that the most effective pagetmmaintenance strategy can be
identified. Hence, highway maintenance managerst nallscate the available budget
manually and then observe how this new budget @iloc strategy influences the overall
network performance. Thus, there was an opportuaiiynprove on the former research by
developing a model which is capable of performinghsbudget allocation process optimally.
Therefore, this research effort strived towardsetigying a smart decision-making tool to
perform network level optimization for pavement ntahance programming problem
through application of Linear Programming methodgloThe outcome of the research
presented herein aids highway maintenance managedsveloping alternative network-
level pavement maintenance strategies through aomated process. Subsequently,
decision-makers are able to compare the impacadi strategy and identify a strategy such
that most efficient use of scarce resources wiltemalize. In other words, the decision
making tool developed through this research eféarébles decision-makers to have the
power of selecting, based on reliable and accumaterical data, most effective maintenance
programming strategy that results in the best pveseprogram possible.
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3.2.SCOPE OF THE WORK
The scope of this research consists of the follgwelements:

1. This research is undertaken to create a netwomd-leptimization model, hence it
does not address project-level maintenance progrmagnpnoblem.

2. The research considers the problem of developingpagement maintenance
programming only, maintenance programming for ottgsets in highway facilities is
not covered within the scope of this research.

3. The pavement condition data pertaining to 500 Iaies of Interstate Road Network
(I-81 and 1-581) in Salem district are used in #malyses, pavement data pertaining
to primary and secondary roads are not considered.

4. Pavement deterioration rates are adopted from foresearch conducted by de la
Garza and Krueger (2007). These deterioration rades fixed. Therefore,
development of a specific deterioration model faeistate Road Network in Salem
District is not addressed within the scope of tesearch.

5. Particular treatments for each pavement condittatesare developed and technical

specifications of such particular treatments avemi
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CHAPTER 4

4. RESEARCH METHODOLOGY

The methodology which the MS candidate uses inré#sgarch consists of the following steps.

[l Research Methodology ]|

Pavement
Condition
Database

A

Evaluation of
Network Pavement J
Condition

Identification of
Pavement
Deterioration Mode|

Identification of VDOT’s
Performance Targets

Identification of
Maintenance J
Treatments

Selection of
Treatments for Each
Condition State

Development of a

Network Level
Optimization
Model

Prioritization
Process
(Based on objective
functions defined
in the optimization
model

Figure 5: Methodology
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4.1.EVALUATION OF NETWORK PAVEMENT CONDITON
Data pertaining to pavement condition of interstated network (I-81 and 1-581) in Salem

District has been collected by VDOT regularly fohetlast 8 years and is currently available
to analyze. Furthermore, available data is accurat@ble and up to date to be used in the

analyses.

4.2. EVALUATION OF CURRENT PAVEMENT CONDITION
Data collection efforts performed by VDOT resulted development of an extensive

database. This database is analyzed with a focysawement condition ratings. The most
recent inspections pertaining to 1-81 and I-58E istiate Road Network in Salem District is
the starting point for the process of identifyingrent pavement condition. The number of
lane-miles in each specific condition state is coteg based on CCl (Combined Condition
Index) values, then used in the optimization madelhe baseline pavement condition. Thus,
each condition state is assigned a CCI (Combinedifion Index) range so that lane-miles
throughout the network could be grouped in 5 coowlitstates defined in this research.
Finally, it must be noted that the Linear Programgnilodel designed within this research is
initialized with an arbitrary baseline conditiontest the model and then, the actual baseline
condition is used in order to have the results gared in the following sections of this

document.

4.3.IDENTIFICATION OF VDOT'S PERFORMANCE TARGETS
Pavement performance targets set by VDOT are then&al component of the proposed

research, since such performance targets are utteoldas either constraints or objectives in
the optimization model. Answers to the followingegtion are investigated in this research

effort.

=  What is the minimum acceptable number of lane-mile=ach condition state?
=  What are the objectives of Virginia Department cdisportation?
0 Minimize the number of lane-miles in fair. poor arety poor condition
o Maximize the number of lane-miles in excellent gedd condition
0 Meet some predefined performance targets, in tevmiene-miles in each

condition state, for certain number of years
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The output of the model can be enriched by creatiey scenarios and performing
sensitivity analysis. There is an interesting resdeapportunity in investigating cases
where available annual highway maintenance budgenat sufficient to meet the
prescribed performance targets. In such case, peaiftce targets must either be changed
or removed completely. Another interesting casewlsere Virginia Department of
Transportation is to decide how excess pavementtereance budget should be spent.
MS candidate addresses questions related to theefotase by loosening some of the
constraints pertaining to VDOT’s performance tasgét the latter case, the allocation of
excess budget into renewal activities and its impacthe performance of the network
are investigated through modifications in the otecfunctions defined for the different

network level optimization models developed.

4.4.IDENTIFICATION OF MAINTENANCE TREATMENTS
Figure 5 shows 9 renewal activities which restore the ciowliof lane-miles from a

downstream condition (worse) to an upstream camdifjbetter). Expected performance
targets for each condition state can be achievesugi balancing upward and downward
flows of lane miles, i.e. determining how much mpmeghway agencies to invest in each
treatment type (de la Garza and Krueger, 2007)atmpf each treatment type and unit cost
of each renewal activity are considered in therojttion model, while prioritizing the

treatments selected for a given year.
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Figure 6: Pavement Condition States & Highway Mainénance Activities (de la Garza and Krueger, 2007)
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4.5.IDENTIFICATION OF THE PAVEMENT DETERIORATION
PREDICTION MODEL

Reliable pavement deterioration prediction models beneficial for pavement
management systems in that highway agencies caticprihe optimal time for
applying maintenance and rehabilitation treatmants determine the required long-
term financial requirements (Sadek et al., 1996husl highway maintenance
managers need accurate pavement deteriorationcpoedi so as to make more
accurate decisions pertaining to the planning a¥ allocation of maintenance and
rehabilitation programs (Suh et al., 2002). Funtiee, Rohde et al. (1997)
emphasizes on the essence of predicting the pavedederioration accurately by
stating that it is important to use reliable pemiance prediction models to see the

long-term consequences of various maintenancesgteat (Rohde et al., 1997).

Pavement deterioration rates used in this resezifolt are adopted from the former
research conducted by de la Garza and Krueger J200@é pavement deterioration
rates, which were computed deterministically bagedistorical data, are fixed for
each pavement condition state. Liu et al. (199vifahis assumption by stating that
it is reasonable to assume fixed yearly deterionatiates since values of many
parameters used in nonlinear deterioration modelshat available, hence nonlinear
deterioration models are not practical in real otz (Liu et al., 1997). The

network-level optimization model developed hereigsuanes that pavement
deterioration materializes in increments of oneditbon state per year, that is-
deterioration from an upstream condition to thetrgwnstream condition only, e.qg.

pavement in good condition can deteriorate onlfaitocondition each period.
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4.6.SELECTION OF TREATMENTS FOR EACH CONDITION STATE
There are 9 renewal activities defined in this aede. Each of these renewal

activities is designed for a specific pavement dionl state. Hence, 500 lane-miles
of road network on I-81 and I-581 are treated \Wittenewal activities as depicted in
Figure 5. The network-level optimization model establisheatimally selects the

renewal activities into which pavement maintenalngdget is to be allocated based

on the parameters, decision variables and objefitivetions used.
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CHAPTER 5

5. DEVELOPMENT OF NEW NETWORK-LEVEL OPTIMIZATION MODEL

An objective function and a set of constraintshe form of a system of equations or
inequalities form mathematical optimization modédptimization models facilitate the
decision making process and therefore are used w#en in almost all areas of
engineering (Arsham, 2007). This section of theshevork presents an overview of a
network level optimization model developed throulgiear programming approach.
Thus, the sets, parameters and decision variabéededined in the following sections.

The constraints and objective functions are thatedtand explained in detail.
5.1.DEFINITION OF SETS

5.1.1.P, a Set of Funding PeriodsA set of funding periods corresponds to years
that Highway maintenance budget (HMB) is availableise. The length of

each funding period is one year.

P: (1,234, ...... , 15), where represents any one-year long
period of the analysis , while Ifgpresents the last period of the analysis,
e.g. 1 represents the first one-year long periodhef analysis (between

baseline year, 0, and year 1)

5.1.2.S, a Set of Pavement Condition States: This set represents the
pavement’s condition state. There are 5 predefipadement condition

states available. These condition states are s\l
S:(4,2,3,4,5)

1. Very Poor Condition
2. Poor Condition

3. Fair Condition

4. Good Condition

5. Excellent Condition
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S;: First set of pavement condition states
Si:1,2,3

1. Very Poor Condition
2. Poor Condition
3. Fair Condition

S,: Second set of pavement condition states
S 4,5

4. Good Condition

5. Excellent Condition

5.1.3.R, a Set of Treatments: A set of treatments represents the treatmenstype
to be used in the model. There are 9 predefinetnrent types available.

These treatments and their definitions are asvslio
R:(1,2,3,4,5,6,7,8,9)

1. Reconstruction applied to pavement iwery poor condition: This
treatment type restores pavement in very poor ¢omdito excellent
condition.

2. Rehabilitation, applied to pavement ipoor condition: This treatment
type restores pavement in poor condition to exnetiendition.

3. Thick Overlays applied to pavement ifair condition: This treatment
type restores pavement in fair condition to excglndition.

4. Thin Overlay 4 applied to pavement igood condition This treatment
type restores pavement in good condition to exaetdendition.

5. Rehabilitation; applied to pavement iwvery poor condition: This
treatment type restores pavement in very poor ¢@mdio good condition.

6. Thick Overlay, applied to pavement ipoor condition: This treatment

type restores pavement in poor condition to gooditimn.
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7. Thin Overlay; applied to pavement ifair condition: This treatment

type restores pavement in fair condition to gooadzion.
8. Ordinary Maintenance (OM3) applied to pavement ifair condition:

This treatment type preserves pavement in fair itiamd

9. Ordinary Maintenance (OM,) applied to pavement igood conditiorn
This treatment type preserves pavement in goodittond

5.2.DEFINITION OF PARAMETERS
Parameters stated below will be used in subsegemtions where sample problems

are introduced.

Bi: Highway Maintenanc8udget availablevithin periodi, O 0P

Uij: Unit (Per lane-mile) cost of treatmgnwithin periodi, Ui OP andJj O R
Nko: Number of lane-miles in conditidnat time O

Gyi: Required number of lane-miles (Target specified/BYOT) in conditionk at the
end of period, OiOPandkOS

D «+1)k: Deterioration Rate from condition stgker1) to condition stat&, OOk S
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5.3.DEFINITION OF VARIABLES
Ultimate goal of the research conducted hereio idetermine the optimal values of

the decision variables such that the most efficigmdvement maintenance
programming will materialize. Variables included ithe model not only reveal
amount of annual investment required for each rahewtivity, but also the number
of lane-miles in each condition state resultingrfreuch investments. Variables used

in the developed models are as follows:

= Xj: Amount of money spent on treatmgntwithin periodi, OiJP and
OjOR

= Ny: Number of lane-miles in conditiok at the end of period Li P and
OkOS

It should be noted thaX; represents a decision variable, wherbliasis a variable
which is dependent upoX);. In other words, the optimization model preseritectin
determines optimal values &, and optimaNy valuesare computed through; as
an output variable.

5.4.0BJECTIVE FUNCTION
Objective function stated in below is a genericeshiye function that will be used in

problems discussed in the following sections.
Minimize > ((W,* N, ) £ (W, * N, ) £ (W, * N, ) = (W, * N, ) £ (W, * N,,))
iopP
The terms withN represents the number of actual lane-miles. Furtbes,wi, W, Ws,
w, andws represent possible weighting coefficients pertajrimeach condition state.

Such coefficients can be used in problems presentdw following sections in order
to do sensitivity analysis.

= Ny is number of lane-miles in very poor conditiontla¢ end of period,
OidpP

= Ny is number of lane-miles in poor condition at tihe ef period, Ui O P

= Ng is number of lane-miles in fair condition at thedeof period, Ui OP

»= Ny is number of lane-miles in good condition at thd ef period, Oi O P
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= Ns is number of lane-miles in excellent conditiontlé end of period,
OiapP
There are two basic models that this document ptese the following sections.
1. Basic Model lstrives to provide the most efficient budget adlibon pattern
given constraints and maintenance budget
2. Basic Model 2 strives to determine the minimum budget requiredneet

performance goals set by Virginia Department on§portation (VDOT)

Problem Statements 1 through 5 presented in thdardent pertain to basic model 1
which can be used to determine the most efficiertget allocation pattern given
available maintenance budget for 15 funding peridélsch problem statement is
assigned a specific model as noted below.

1. Problem statement 1 is solved through Model 1.1
Problem statement 2 is solved through Model 1.2
Problem statement 3 is solved through Model 1.3
Problem statement 4 is solved through Model 1.4

o kb 0N

Problem statement 5 is solved through Model 1.5

Each problem differs from each other; thereforeapeetric analyses are performed in
order to see the effect of changing parameters ath lmbjective function and
maintenance budget. Furthermore, problem state®eand problem statement 7
pertain to basic model 2 which can be used to dwter the minimum budget
required to meet performance goals set by VDOTbIero 7 is slightly different
from problem 6 in that a new constraint pertainitog maintenance budget is
introduced for problem 7. Problem statements 6 arare also assigned specific
models as noted below.

1. Problem statement 6 is solved through Model 2.1

2. Problem statement 7 is solved through Model 2.2
In conclusion, sectionS.5 through5.7 present two basic models developed within
this research effort. Furthermore, different problstatements are included for each

basic model and parametric analyses are performed.
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5.5.PROBLEM STATEMENTS
Problem statements given in this section are iredudn this document for

demonstrating the results of the models developeithgl this research effort.
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5.5.1.PROBLEM PARAMETERS

5.5.1.1.Performance targets set by Virginia Departent of Transportation

Required Number of Lane-Miles in condition k at the end of pgod i (G_ki)

[5)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1] 250 25.0 25.0 25.0 25.0 25.( 25.0 250 25(0 25.0 25.0 2b.0 45.0 5.0 25.0

2| 50.0 50.0 50.0 50.0 50.0 50.¢ 50.0 500 50,0 50.0 50.0 50.0 50.0 b0.0 50.0
3] 100.0] 100.0] 100.00 100.( 1000 100j0 100.0 10p.0 1Q0.0 100.0  100.0 |000D.0 [1 100.0| 100.0
4| 200.0| 200.0f 200.00 200.( 2000 200{0 200.0 20p.0 2730.0 2p0.0  200.0 P000D.0 |2 200.0| 200.0
5] 125.0] 125.0] 125.00 125 1250 125|0 1230 12p.0 135.0 1P5.0 125.0 | 2525.0 [1 125.0] 125.0

Table 2: Performance Targets Set by Virginia Depannent of Transportation

5.5.1.2.Deterioration Rates

Deterioration Rate from Condition State

(k+1) to k
Condition State (k)

1 2 3 4 5
- 1 4
o= 2 3
= QO
S § 3 5
S 4 3

5

Table 3: Pavement Deterioration Rates (de la Garzand Krueger, 2007)
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5.5.1.3.Number of Lane-Miles in Each Condition St& — Baseline

Condition
Number of Lane-Miles in each condition at the the
beginning of year 1 (Baseline Condition)
Condition State (k) CCI Value N_kO
1 CCl<=49 25
2 49<CCI<=59 79
3 59<CCl<=69 15(
4 69<CClI<=89 179
5 CCI>89 75
[Total Lane-Miles | 500

Table 4: Baseline Pavement Condition

Baseline condition presented above is real and otedpdeterministically
based on the pavement condition inspections peddrnby Virginia
Department of Transportation.

5.5.1.4.Available Annual Maintenance Budget Profild

Annual Highway Maintenance Budget ($)
available in Periodi

Budget

Amount
$6,000,000
$8,700,000
$8,700,000
$8,700,000
$8,700,000
$8,700,000
$8,700,000
$9,000,000
$9,000,000
10 $9,000,000
11 $9,600,000
12 $9,600,000
13 $8,700,000
14 $8,700,000
15 $8,700,000

O[NNI |WIN]|F-

Table 5: Available Annual Maintenance Budget
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5.5.1.5.Unit Cost of Each Renewal Activity

Unit Cost of Each Treatment within each Period (U_ij)

R
Recon Rehab Thickg Thin, Rehal Thick, Thing OM, oM,
1 2 3 4 5 6 7 8 9
0 $299,437 $138,135 $67,801 $29,1596 $188,185 $101,808 9%bh9| $19,644 $12,268
1 $303,929 $140,207 $68,822 $29,593 $190,9b7 $103,836  8%bB0O| $19,939 $12,452
2 $308,488 $142,310 $69,851 $30,037 $193,8p1 $104,886 8@#61| $20,238 $12,639
3 $313,115 $144,445 $70,902 $30,487 $196,7P9 $106,459 73b62| $20,541 $12,829
4 $317,812 $146,611 $71,96¢ $30,945 $199,6[9 $108,056  6%B3| $20,850 $13,021
5 $322,579 $148,810 $73,044 $31,409 $202,6[5 $109,677 63b4| $21,162 $13,216
6 $327,418 $151,043 $74,141 $31,890 $205,71L5 $111,822 5%B5[ $21,480 $13,415
o 7 $332,329 $153,308 $75,25 $32,358 $208,8p0 $112,992 5866| $21,802 $13,616
8 $337,314 $155,608 $76,382 $32,844 $211,982 $114,686 5887| $22,129 $13,820
9 $342,374 $157,942 $77,52§ $33,336 $215,111 $116,407 5%B8| $22,461 $14,027
10 $347,509 $160,311 $78,691 $33,836 $218,3B8 $118,153 ,6&B9| $22,798 $14,238
11 $352,722 $162,716 $79,871 $34,344 $221,6[1.3 $119,p25 ,6650[ $23,140 $14,45]]
12 $358,013 $165,157 $81,069 $34,859 $224,9B7 $121,724 7351| $23,487 $14,668
13 $363,383 $167,634 $82,28% $35,392 $228,3[L1 $123,p50 ,8Chr2[ $23,839 $14,888
14 $368,834 $170,148 $83,519 $35,913 $231,7B6 $125,403 ,8S¥3| $24,197 $15,111
15 $374,366 $172,701] $84,7712 $36,491 $235,2[12 $127,p84 ,0CZ5[ $24,560 $15,338
[ InflaionRate | 15% |

Table 6: Unit Cost of Each Renewal Activity

It should be noted that constant inflation rateichhs 1.5 %, is considered in the calculation it prices pertaining to each
renewal activity in order to retain the networkdewptimization model practical.
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5.5.2.DECISION VARIABLES
Xij: Amount of money spent on treatméntithin periodi, i P andJj O R

Nyi: Number of lane-miles in conditiok at the end of period, OiOP and
OkOS

5.5.3.0BJECTIVE FUNCTION
Minimize > ((N; + N, +Nj))

iopP
This problem will be subject to the constraintselisin the following pages. Most
of these constraints, if not all, will apply to theoblems stated in this document.
The MS candidate will make the necessary notes aghat constraints apply to
what problems in the corresponding sections ofdbsument.

5.5.4.CONSTRAINTS
Constraint 1

G,

—N, =200 0P,OkOS
Constraint 2
N, -G, 20,0i0P,0kOS,

Constraint 1 represents the performance targetg)lggeater than or equal to the

number of lane-miles in very poor, poor and fainaition.

Constraint 2 represents the number of lane-milegowd and excellent condition
being greater than the performance targets stayeilginia Department of
Transportation (VDOT).

Constraints 1 and 2 guarantee that the model ailsfy VDOT’s performance

goals if there is any feasible solution to the peob
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Constraint 3

ZQ:X". <B,0idP

j=1

Constraint 3 represents the annual highway maintsnhudget constraint
Money spent on 9 different renewal activities (tne@nts) within the period
must be less than or equal to the budget avaifablperiodi, which isB;. This
constraint will be denoted a8tidget Constraint” throughout this document for

avoiding repetition of stating the same inequalifier each problem type.

Constraint 4

Ny + Xig + Xiz + Xia + Xis L 0P

Ng = Ngipy —
i o De, Uy Ui, U Uy

This constraint represents the requirement that hmber of lane-miles in
excellent condition at the end of periochave to be equal to the sum of the

following components:

Ny, The number of lane-miles in excellent conditidriree end of periodi-1)

or beginning of the period

N _ . . " : .
——9 - The number of lane-miles in excellent conditicetatiorating to good

54

condition.

ﬁ: The number of lane miles restored from very poondition to excellent
il

condition through the application Beconstruction.
&: The number of lane miles restored from poor comadlito excellent
i2

condition through the application Biehabilitation,.

37



12 - The number of lane miles restored from fair ctindito excellent condition
i3

through the application dfhick Overlay .

&: The number of lane miles restored from good diomdito excellent
i4

condition through the application ®hin Overlay 4.

Constraints 5 through 8 can be explained and writtethe exact same manner.
Thus, constraints 4 through 8 will be denoted asné-mile Equality
Constraints” throughout this document for avoiding repetition stéting the

same equations for each problem type.

Constraint 5

N. =N.. . — N4(i—1) + N5(i—1) + Xi5 + Xi6 + Xi7 + Xi9 _ Xig - Xi4 OopP
4 A40-1) D43 D54 Ui5 UiG Ui7 Ui9 Ui9 Ui4 ,

Constraint 6

Nz + N i) + Xig _ Xig _ Xiz _ Xis LAiOP

D32 D43 Ui8 Ui8 Ui7 Ui3

Ny = Ny —

Constraint 7

N =N o Nagy | Nogy - X, X6 g
: 4 D, D;, U, Ug ,

Constraint 8

Noggy Xy Xig qiop

Ny =Ny +
’ o D,y Uy U
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Constraint 9

N, =0,0i0P,0kOS

X, =0,0i0P,0jOR

] =

The inequalities in constraint 9 denote the noratieijy constraints. Thus, these
constraints will be represented asdh-Negativity Constraints” for avoiding

repetition of stating the same equations for eaoblpm type.
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5.6.BASIC MODEL 1

5.6.1.PROBLEM STATEMENT 1
How should VDOT allocate its annual highway maiatere budget for different

renewal activities such that number of lane-milespoor, very poor and fair

condition will be minimized?
Model 1.1is used to address the problem stated above.

Objective Function

Minimize > ((N; + N, +N;))

ioP

This problem will be subject to the constraintselisin the previous pages except

for Performance Targetconstraints, i.e. Constraint 1 and Constraint 2.
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5.6.1.1.Results Obtained from Model 1.1

Budget Allocated to each Renewal Activity
Renewal Activity Year 1 Year 2 Year3 | Year4a | Years Yea6 Year 7 Year 8 Year9 | Year10 Year 11 Year 12 Year 13 Yedr4 Year 15
Recon $ $p P 4o $0 0 50 150 | 0] $0 $0 $0 $0 $0
Rehab? 9 $p 4o 30 0 $0 10 $0 $0 $0 $0 $0 $0 $0
Thick Overlay 3 $6,000,000 _$4,405,144 [$0 [$0 $0 $0 $0 $0 $0 $0 $0 $0 $ $ $p
Thin Overlay 4 $ $p 4o $0 $1,013,385 $2,968|761 $45uEP, $5,190,79P $6,304,1F6 $8,088,B17 $5,809,834 $5,896,955,985,43p $
Rehabl $p P $1,765,3|35 $4,670,p79  $1,574,172 $0 $0 $0 $0 $0 of $ $0 $( $ $‘)
Thick Overlay 2 $0  $4,294,8%6  $4,218,484 $0 $0 $0 $0 $0 $0 $0 $0 $Q $ $ $p
Thin Overlay 3 $0 $p  $2,715981 $4,029,421 $4,834/597 86%H994 $5,731,239 $4,857,455 $3,809{201 $2,69%,824 1$K8 $0 $ $p 40
Ordinary Maintenance 3 $0 b0 50 0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 0]
Ordinary Maintenance 4 $0 b0 0 [$0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 0|
Total Budget Spent $6,000,000 $8,700,000 $8,700,0007068)0Q $6,408,7649 $6,877,383 $8,700/000 $9,000,000 06®M0Q $9,000,000 $9,600,d00 $5,809,834 $5,8964,981 53196 $
Available Budget $6,000,000 $8,700,4§00 $8,700/000 $80WW $8,700,000 $8,700,0p0 $8,700,000 $9,009,000 $®0d0 $9,000,000 $9,600,0p0 $9,600,p00 $8,704,000 $&@00, $8,700,00p
Fraction of Maintenance Budget to Renewal Activitis - Budget Profile #1
Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 1C Year 11 Year 12 Year 13 Year 14 Year 1
Preventive Maintenanct 1.00 1.00 1.00 1.00 0.74 0.79 1.00 1.00 1.00 1.04 1.0( 0.6]L 8 0.9 0.69 0.00
Reconstruction 0.00 0.00 0.00 0.00 0.00 0.00 0.0( 0.0 0.00 .00 0 0.00 0.00 0.00 0.00 0.00
Rehabilitation 0.00 0.00 0.20 0.54 0.25 0.00 0.00] 0.04 0.0 .000 0.00 0.00 0.00 0.00 0.00
Rehabilitation 1 0.00 0.00 1.00 1.00 1.00 0.00 0.00 0.0 00.0 0.00 0.00 0.00 0.00 0.00 0.00
Rehabilitation 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 00.0 0.00 0.00 0.00 0.00 0.00 0.00
Thick Overlays 1.00 1.00 0.48 0.00 0.00 0.00 0.00] 0.0( 0.0¢ .000 0.00 0.00 0.00 0.00 0.00
Thick Overlay 2 0.00 0.49 1.00 0.00 0.00 0.00 0.00] 0.0d 0.0 0.00 0.00 0.00 0.00 0.00 0.00
Thick Overlay 3 1.00 0.51 0.00 0.00 0.00 0.00 0.00] 0.0q 0.0 0.00 0.00 0.00 0.00 0.00 0.00
Thin Overlays 0.00 0.00 0.31 0.46 0.75 1.00 1.00] 1.04 1.0 00 1. 1.00 1.00 1.00 1.00 0.00
Thin Overlay 3 0.00 0.00 1.00 1.00 1.00 0.85 0.66) 0.54 0.42 .300 0.16 0.00 0.00 0.00 0.00
Thin Overlay « 0.0C 0.0C 0.0C 0.0C 0.0C 0.1 0.34 0.4¢€ 0.5¢ 0.7¢ 0.84 1.0C 1.0C 1.0C 0.0C
Ordinary Maintenance 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00] 0.0( 0.0( 0.0p 0 0.0 0.00 0.00
Ordinary Maintenance 3 0.00 0.00 0.00 0.00 0.09 0.0 0.0p .00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ordinary Maintenance 4 0.00 0.00 0.00 0.00 0.0g 0.0 0.0p .00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LEGEND
Maintenance Type
Renewal Type
Renewal Activity

Table 7: Budget Allocation that Materializes Basedn Model 1.1
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Actual Lane-Riles
Condition Siate | Baseline | Year ] [Year 2| Year 3 | Yeard | Year 5 | Year 6 | Year 7 | Year B | Year 9 | Year 10 | Year 11 | Year 12 | Year 13 | Year 14 | Year 15
ety Poor Condition 250 437 | 703 | 746 | 5009 i1} 0.0 i1} 0.0 00 0o 0 0 00 00 00
Poor Condition 750 063 | 336 i1} 0.0 i1} 0.0 i1} 0.0 0o 0o 0o 0o 0o 0o 0o
Fair Condition 1500 6.5 0.0 i1} 0.0 1] 0.0 1] 0.0 00 0.0 00 00 00 00 00
Good Condition 1750 | 1650 ) 2197 [ 321.2 | 3794 | 4537 | 4369 | 3648 | 2818 | 1965 | 1084 0o 0o 0o 0o 166.7
Excellent Condition 750 1385 | 1563 [ 1042 | 605 | 463 | 631 | 1352 | 2182 | 3035 | 3014 | 5000 | 5000 | 3000 | 5000 | 3333

Table 8: Number of Lane-Miles in Each Condition Stée for Every Funding Period
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5.6.1.2.Charts Produced Based on the Results Obtaith from Model 1.1

Budget Allocation Pattern - Model 1.1
$12,000,000
$10,000,000 B Ordinary Maintenance 4
0O Ordinary Maintenance 3
$8,000,000 B Thin Overlay 3
& @ Thick Overlay 2
&  $6,000,000 ® Rehab1
§ O Thin Overlay 4
$4,000,000 T O Thick Overlay 3
B Rehab2
$2,000,000 @ Recon
$O T T
«'\/ v D
AQ:& AQ’ 4@ 4@ AQ’ 4@ 4@ 4@ AQ’
Period (i)
Figure 7: Budget Allocation Pattern Resulted from Model 1.1
Budget Spent Vs Available Budget Model 1.1
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Period (i)

Total Budget Spent —— Available Budget

Figure 8: Comparison between Budget Spent and Avaible Budget in each Period
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5.6.1.3.Pavement Condition Trend Analysis

Trend Analysis- Very Poor Condition
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Figure 9: 15 Year Trend Analysis Pertaining to Paveent in Very Poor Condition

Trend Analysis- Poor Condition
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Figure 10: 15 Year Trend Analysis Pertaining to Pagment in Poor Condition
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Number of Lane-miles

Trend Analysis- Fair Condition
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Figure 11: 15 Year Trend Analysis Pertaining to Pagment in Fair Condition

Number of Lane-miles

Trend Analysis- Good Condition
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Figure 12: 15 Year Trend Analysis Pertaining to Pagment in Good Condition



Trend Analysis- Excellent Condition
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Figure 13: 15 Year Trend Analysis Pertaining to Pagment in Excellent Condition

5.6.1.4.0Observations

The goal of the objective function defined in pel 1 is to minimize the

lane-miles in very poor, poor and fair condition.

Firstly, Table 7andTable 8 show the budget allocation pattern and the level
of service pertaining to each year respectivelyjctvhresulted from the
parameters and the objective function usellauel 1.1 Based on the results
shown inTable 7, Virginia Department of Transportation should coetgly
consume the available annual highway maintenandgediun the first four
periods in order to minimize the lane-miles in veygor, poor and fair
condition. The budget allocation materializing ieay 1 mainly focuses on
Thick Overlay 3 renewal activity. Thus, available maintenance letidiy year
2 is essentially spent onhick Overlay 3 and Thick Overlay 2 renewal
activities, which restores lane-miles in fair cdiai to excellent condition
and poor condition to good condition, respectivélgnce, it is essential to
note thatModel 1.1 gives priority to restoring lane-miles in fair apdor

condition in first 2 periods in order to restoredamiles in such conditions to
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good and excellent conditions. Furthermore, it lsarobserved that the model
allocates budget int®Rehabilitation 1 and Thin Overlay 3 activities for 3

years starting from the third period. Rehabilitatbbrestores pavement in very
poor condition to good condition while Thin Overld@yrestores pavement in
fair condition to good condition. This observatigsults in the conclusion
that the model starts to treat pavement in veryr pmmdition and keeps
restoring pavement in fair condition to upstreamdibons. One interesting
fact about the budget allocation pattern perioch®ugh period 15 is that
renewal activities applied to poor condition aré cansidered in that there are

lane-miles neither in fair nor in poor condition.

Secondly, available pavement maintenance budgetelet years 6 and 11 is
allocated into only Thin Overlay 4 and Thin Overlayrenewal activities,
which restore the pavement in fair condition to djomondition and the
pavement in good condition to excellent conditimspectively. This budget
allocation pattern focusing ohhin Overlay 3 and Thin Overlay 4, can be
attributed to the fact that the lane-miles duriegng 6 through 11 are in good
and excellent condition. Hence, applicationTdfin Overlay 3 to the lane-
miles deteriorating from good condition to fair daon is necessary, while
application of Thin Overlay 4 ensures that lane-miles in good condition

deteriorating from excellent condition are restabadk to excellent

Another interesting observation, based on the t®suigl that although there is
available budget during years 12 through 15, thdehdoes not allocate such
excess budget to renewal activities. The followiwg reasons result in this

case:

= Money available is much more than required to netane-miles in

either good or excellent condition.

= The objective function defined for Model 1.1 stsveonly for
minimizing the number of lane-miles in very poolgop and fair

condition. Therefore, Model 1.1 should not invesly anoney into
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renewal activities in any period where the expemditin a given
period does not improve the value of the objectivgction. In other
words, if the application of a renewal activity domrot reduce the
number of lane-miles in very poor, poor or fair diion for any given

year, then Model 1.1 does not invest any moneyergiven period.
Thus, Model 1.1 does not incur any cost in yeamlltere some of the
lane-miles in excellent condition in year 14 deisate down to good
condition. This behavior results from the fact tiia¢ value of the
objective function is independent of the numbelaoke-miles in good
and excellent condition. Consequently, even if Matld had spent
some money in order to restore the lane-miles, ridedding from

excellent condition to good condition in year 14ck to excellent
condition in year 15, this would not have had a#dahe value of the

objective function, which is essentially to be miiged by Model 1.1.

In conclusionModel 1.1favors renewal activities under preventive mainteea
category over ordinary maintenance. Furthermore, iomportant observation is
that Model 1.1 focuses on restoring the lane-miles in very poogrpand fair
condition first and then maintaining the lane-milestored back to good and

excellent condition to retain the optimal valudloé objective function.
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5.6.2.PROBLEM STATEMENT 2
How should VDOT allocate its annual highway maiatece budget for different

renewal activities such that number of lane-milespoor, very poor and fair
condition will be minimized while excess budget Iwhe used towards

maximizing the number of lane-miles in excellemdition?

The only difference between problem statement 1 prublem statement 2
derives from the fact that each model has a difteabjective function. The
objective function defined for problem statemens Zesigned to favor having as
many lane-miles in excellent condition as possitileough using arbitrary
weights, subject to available budget. Thus, MS whatd strives for revealing the
significance of using arbitrary weights in the aitige function in order to favor

one condition state over another.
It should be noted th&lodel 1.2is used to address the problem stated above.
DECISION VARIABLES

Xij: Amount of money spent on treatméntithin periodi, Ui OP and0j OR

Nxi: Number of lane-miles in conditiok at the end of period, (i OP and
OkOS

OBJECTIVE FUNCTION

Minimize Z((N1i +N,, +N,)-(N, +5*N,))

ioP

This problem will be subject to the constraintselisin the previous pages except
for Performance Targetconstraints, i.e., Constraint 1 and Constraint 2.
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5.6.2.1.Results Obtained from Model 1.2

Table 9: Budget Allocation that Materializes Basedn Model 1.2

Budget Allocated to each Renewal Activity
Renewal Activity Yearl | Year2 | Year3 | Year4 | Year5 | Year6 Year7 | Year8 Year 9 Year 1C Year 11 Year 12 Year 12 Year 14 Year 15
Recon $0 $p $p £ 40 0 o 50 $0 $0 $0 $0 $0 $0 $0
Rehab2 $p 5 o] 4o $0 $0 $0 [0 $0 $0 $0 $0 $0 $0 $0 $0
Thick Overlay 3 $3,642,118 $4,887,469 $0 $0 $0  $51Q,142 $0 $0) $( $q $ $p 0 40 $0
Thin Overlay 4 $2,357,842  $3,812,931 $4,450]095 $458), $5,858,508  $5,975,4B0 $5,313,B38 $5,393,038 $5,343,95,556,04B  $5,639,3p4  $5,809,834  $5,896,981  $5,965,485,075,21p
Rehabl $p i ol H0  $816,2p8 $2,841,1192 $2,214,428 $0 $0 $0 $0 $0 o $ $0 $0 $0
Thick Overlay 2 $ $p $4,249,9p5 $3,159,p23 $0 $0 $0 $0 $0 $0 $0 $Q $ $0 $p
Thin Overlay 3 $ $p 4o $0 0 50 50 $0 $0 $0 $0 $0 $0 $0
Ordinary Maintenance 3 0 50 [0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 o $
Ordinary Maintenance 4 0 B0 [50 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 o $
Total Budget Spent $6,000,000 $8,700,000 $8,700,0007088)0¢ $8,700,0900 $8,700,dJ00 $5,313[338 $5,393,038 738384 $5,556,043 $5,639,384 $5,809834 $5,89¢,981 5$z9¢ $6,075,218
Available Budget $6,000,000 $8,700,J00 $8,7001000 $B0M $8,700,000 $8,700,000 $8,700,000 $9,009,000 $£0d0 $9,000,000 $9,600,0p0 $9,600,p00 $8,707,000 $&WCO, $8,700,00D
Fraction of Maintenance Budget to Renewal Activitis - Budget Profile #1
Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 1C Year 11 Year 12 Year 12 Year 14 Year 1
Preventive Maintenanct 1.00 1.00 1.00 1.00 1.00 1.00 0.61 0.60 0.61) 0.6 0.54 0.6]L 8 0.9 0.69 0.70
Reconstruction 0.00 0.00 0.00 0.00 0.00 0.00 0.0( 0.0p 0.00 .000 0.00 0.00 0.00 0.00 0.00
Rehabilitation 0.00 0.00 0.00 0.09 0.33 0.25 0.00 0.04 0.0 .000 0.00 0.00 0.00 0.00 0.00
Rehabilitation 1 0.00 0.00 0.00 1.00 1.00 1.00 0.00 0.0 00.0] 0.00 0.00 0.00 0.00 0.00 0.00
Rehabilitation 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 00.0] 0.00 0.00 0.00 0.00 0.00 0.00
Thick Overlays 0.61 0.56 0.49 0.36 0.00 0.06 0.00 0.0¢ 0.0p .000 0.00 0.00 0.00 0.00 0.00
Thick Overlay 2 0.00 0.00 1.00 1.00 0.00 0.00 0.00 0.04 0.0 0.00 0.00 0.00 0.00 0.00 0.00
Thick Overlay 3 1.00 1.00 0.00 0.00 0.00 1.00 0.00 0.04 0.0 0.00 0.00 0.00 0.00 0.00 0.00
Thin Overlays 0.39 0.44 0.51 0.54 0.67 0.69 1.00 1.04 1.0p 00 1. 1.00 1.00 1.00 1.00 1.00
Thin Overlay 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.0 .000 0.00 0.00 0.00 0.00 0.00
Thin Overlay « 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C
Ordinary Maintenance 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00) 0.0( 0.0 0.0p 0 0.0 0.00 0.00
Ordinary Maintenance 3 0.00 0.00 0.00 0.00) 0.0( 0.0 0.0p .00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ordinary Maintenance 4 0.00 0.00 0.00 0.00 0.04 0.0 0.0p .00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LEGEND
Maintenance Type
Renewal Type
Renewal Activity
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Actual Lane-Miles
Condition State Baseling Year 1 Year P Year|3 Year|4 Yeds| Year f Year 1 Year § Year 9 Year 1D Year 1j1 Year 12 Yed3|Year 14 Year 11
Target Very Poor Conditior| 25.0 438 70 97.0 102.8 920.0.0 | 00| 0.0] 0.0 0.0 0.0 0.0 0.0 0.4 0.
Target Poor Condition 75.0 106/3 10 396 Q.0 .0 0.0 DP.@®O0 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0,

0

Target Fair Condition 150.4 818 O O 00 00 Qo0 .0 .00.0 0.0 0.0 0.0 0.0 0.0 0.0
Target Good Condition 175.0 844 0 0 00 349 .0 000 Dp.0.0 0.0 0.0 0.0 0.0 0.0 0.0
Target Excellent Condition  75.0 1846 322.9 363.4 397.24.2| 500.d 500.0 500.0 5000 5000 500.0 50p.0 5Q00.0 5p0.00.05

w

Table 10: Number of Lane-Miles in Each Condition Sate for Every Funding Period

51



5.6.2.2.Charts Produced Based on the Results Obtaith from Model 1.2

Budget Allocation Pattern - Model 1.2
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Figure 14: Budget Allocation Pattern Resulted fromModel 1.2
Budget Spent Vs Available Budget - Model 1.2
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Figure 15: Comparison between Budget Spent and Ailable Budget in each Period
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5.6.2.3.Pavement Condition Trend Analysis

Trend Analysis- Very Poor Condition

120.0
100.0
80.0
60.0
40.0
20.0

Number of Lane-miles

0.0

&N
& &

&

T N T S

T D ™ S)

S X X \ \ S S \ N N N

Yo 2 72 2 Yo 72 2 U3 \ S \3 3 (S 3
427 4% 4@ (@ 4@ (@ @ @ *Q,%' ~\Q”b *e’b' *00' *Q,%' ~\Q”b

Period (i)

—e— Very Poor Condition

Target Very Poor Condition

Figure 16: 15 Year Trend Analysis Pertaining to Pagment in Very Poor Condition

Trend Analysis- Poor Condition

120.0
100.0
80.0
60.0
40.0
20.0

Number of Lane-miles

0.0
%

&
\Y \Y \S \S \Y \Y \Y \S \Y
_kQ:b' _kQ;'b' _kQ:b' _\Q:b' _\Q:b' _kQ:b' _kQ;'b' _kQ:b' _\Q:b'

SN

2%

&
&
Period (i)

—e— Poor Condition

Target Poor Condition

Figure 17: 15 Year Trend Analysis Pertaining to Pagment in Poor Condition
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Trend Analysis- Fair Condition
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Figure 18: 15 Year Trend Analysis Pertaining to Pagment in Fair Condition
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Trend Analysis- Good Condition
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Figure 19: 15 Year Trend Analysis Pertaining to Pagment in Good Condition



Trend Analysis- Excellent Condition
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Figure 20: 15 Year Trend Analysis Pertaining to Pagment in Excellent Condition

5.6.2.4.0Observations

The goal of the objective function defined in pebl 2 is to minimize the
lane-miles in very poor, poor and fair conditionil@rexcess budget will be

used towards maximizing the number of lane-milesxicellent condition.

Firstly, Table 9andTable 10show the budget allocation pattern and the level
of service pertaining to each year respectivelyjctvhresulted from the
parameters and the objective function useMadel 1.2 Based on the results
shown inTable 9, Virginia Department of Transportation should cdetgly
consume the available annual highway maintenanclgdiuin the first 6
periods in order to minimize the lane-miles in veygor, poor and fair
condition while maximizing the number of lane-miiesexcellent condition.
It should be noted that available budget in firgietiods was fully expended
in Model 1.1. This observation clearly shows thia¢ tobjective function
defined for Model 1.2 actually brings about a digant difference between
Model 1.1 and Model 1.2 in terms of both budgebtadtion pattern and

pavement level of service.
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Secondly, the budget allocation materializing ie first three years mainly
focuses onThick Overlay 3 and Thin Overlay 4 renewal activitiesThick
Overlay 3 restores lane-miles in fair condition to excelleondition, while
Thin Overlay 4 restores pavement in good condition to excellemdgmn.
Thus, it is essential to note thisiodel 1.2 gives priority to restoring lane-
miles in fair and good condition in order to restdane-miles in such
conditions to excellent conditions. This behavian ®e attributed to the fact
that the objective function defined for Model 1&dérs having as many lane-
miles as possible in excellent condition. Furthemmnda can be observed that
the difference between budget allocation pattetaiobd fromModel 1.1and
Model 1.2 for the first two periods results from the facatModel 1.2treats
pavement which can be restored to excellent canditith the least cost, i.e.
Thin Overlay 4 andThick Overlay 3,

One interesting fact about the budget allocatiottepa period 3 through
period 5 is that renewal activities applied to vegor condition and poor
condition gain more importance. Thus, all the lamkes in the network are in
excellent condition starting from year 7. Hen€éjn Overlay 4 is the only
renewal activity into which pavement maintenancddat is allocated since
Thin Overlay 4 ensures that lane-miles in good condition detetirogafrom
excellent condition are restored back to excell&his observation justifies
the use of arbitrary weights included in the obyectfunction pertaining to
Model 1.2

Another interesting observation, based on the tgsigl that although there is
available budget during years 7 through 15, theeghddes not allocate such
excess budget to renewal activities since moneyladla for pavement
maintenance is much more than required to retame-failes in excellent

condition

Finally, Model 1.2 as Model 1.1 does, favors renewal activities under
preventive maintenance category over ordinary reasrice. Furthermore,

one important observation is thitodel 1.2 focuses on restoring the lane-
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miles in fair and good condition to excellent camfi first, then restoring
lane-miles in very poor and poor condition to goomhdition, and then
maintaining the lane-miles restored back to exoelemndition to retain the
optimal value of the objective function. Finallylodel 1.2 provides better
level of service thaModel 1.1in that all the lane-miles in the network are in
excellent condition after year 6 based on the tesatained fronModel 1.2,

while Model 1.1achieves the same result at year 11.

In conclusion, it must be noted thbdel 1.2, as opposed thlodel 1.1, does
allocate some money intbhin Overlay 4, which restores the lane-miles in
good condition to excellent condition, in year IHis is due to the last

component®* N, of the objective function defined fdvlodel 1.2 This

5i !
component forcesModel 1.2 to maximize the number of lane-miles in
excellent condition since having more lane-miles excellent condition

minimizes the value of the objective function, whis essentially the only
goal of Model 1.2 ConsequentlyModel 1.2 results in a different budget
allocation strategy in year 15 thaviodel 1.1 due to different objective

functions pertaining to each model.
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5.6.3.PROBLEM STATEMENT 3
How should VDOT allocate its annual highway maiatece budget for different

renewal activities such that number of lane-milespoor, very poor and fair
condition will be minimized while excess budget Iwhe used towards

maximizing the number of lane-miles in excellemdition?

The only difference between Problem 2 and Problesteghs from the fact that
the model developed for Problem 3 will be subjectohe of the performance
target constraints, namel@onstraint 1 starting from year3. The reason for
enforcing Constraint 1 starting from year 3 is that the optimization model
presented herein does not yield any feasible swlutwhen Constraint 1 is

applied to the model starting from year 1 or year 2

Constraint 1 pertains to the performance requirements for VexgrPPoor and
Fair condition, being less than the performancgetzt.

It should be noted th&llodel 1.3is used to address the problem stated above.
DECISION VARIABLES

Xij: Amount of money spent on treatméntithin periodi, Ui OP and0j OR

Nxi: Number of lane-miles in conditiok at the end of period,di 0P and
OkOS

OBJECTIVE FUNCTION

Minimize > ((Ny + N, +Ny) = (N, +5* N))

ioP
Subject to
Constraint 1

G, —N, 200k0S,i=3, 4,5... 15
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5.6.3.1.Results Obtained from Model 1.3

Table 11: Budget Allocation that Materializes Basean Model 1.3

59

Budget Allocated to each Renewal Activity
Renewal Activity Year 1 Year2 | Year3 Year4 | Year5 Year 6 Year7 | Year8 | Year9 Year 1C Year 11 Year 12 Year 12 Year 14 Year 1£
Recon $ $p Ed o g0 0 |3 B0 50 $2,929/030 $0 $0 $0 $0 $0
Rehab2 $ N Y 90 $0 $0 b0 [0 [$0 $0 $0 $0 $0 $0 $0 $0
Thick Overlay 3 $6,000,000 $1,414,471 |$O $4,835/845 GRMBY $2,267,643 $1,126,779 $0 $0 $0 $0 $0 $0 $0 $0
Thin Overlay 4 $ $p £ $16,8Y0 $4,573,541 $6,432{377 185811 $5,650,503 $5,719,226 $5,460078 $5,639,384 9884 $5,896,991 $5,985,436 $6,075,p18
Rehabl $P  $2,342,088 $8,700,¢OO $2,459107 $1,16p,427 $0 0| $$,401,40L $3,280,774 50 50 |$0 $0 $0 $0
Thick Overlay 2 $0  $4,943,091 B0 $1,388,178 $0 $0  $2,48),4$1,948,09p $0 40 0 $0 | 0] | o] $0
Thin Overlay 3 $ $p EY 40 $0 b0 50 50 $0 $0 $0 $0 $0 $0 $0
Ordinary Maintenance 3 0 $0 [s0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 o $
Ordinary Maintenance 4 0 b0 |39 S0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 of $
Total Budget Spent $6,000,000 $8,700,000 $8,700,000708800¢ $8,700,0q0 $8,700,dJ00  $8,700J000 $9,000,000 0690 $8,390,009 $5,639,384 $5,809834 $5,89¢,981 5319 $6,075,2118
Available Budget $6,000,000 $8,700,J00 $8,700{000 $BOW] $8,700,000 $8,700,000 $8,700,p00 $9,004,000 $PDO0 $9,000,000 $9,600,0p0 $9,600,p00 $8,704,000 $&WOO, $8,700,00D
Fraction of Maintenance Budget to Renewal Activitis - Budget Profile #1
Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 1C Year 11 Year 12 Year 12 Year 14 Year 1
Preventive Maintenanct 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.9 0.5 0.61 8 0.9 0.69 0.70
Reconstruction 0.00 0.00 0.00 0.00 0.00 0.00] 0.0q 0.0 0.00 .33 0 0.00 0.00 0.00 0.00 0.00
Rehabilitation 0.00 0.27 1.00 0.28 0.13 0.00 0.00] 0.16 0.3 .000 0.00 0.00 0.00 0.00 0.00
Rehabilitation 1 0.00 1.00 1.00 1.00 1.00 0.00 1.00 1.0 01.0 0.00 0.00 0.00 0.00 0.00 0.00
Rehabilitation 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 00.0 0.00 0.00 0.00 0.00 0.00 0.00
Thick Overlays 1.00 0.73 0.00 0.72 0.34 0.26 0.414 0.2 0.0 .000 0.00 0.00 0.00 0.00 0.00
Thick Overlay 2 0.00 0.78 0.00 0.22 0.00 0.00 0.69 1.04 0.0 0.00 0.00 0.00 0.00 0.00 0.00
Thick Overlay 3 1.00 0.22 0.00 0.78 1.00 1.00 0.31 0.0( 0.0 0.00 0.00 0.00 0.00 0.00 0.00
Thin Overlays 0.00 0.00 0.00 0.00 0.53 0.74 0.59 0.63 0.64 65 0. 1.00 1.00 1.00 1.00 1.00
Thin Overlay 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00] 0.0( 0.0 .000 0.00 0.00 0.00 0.00 0.00
Thin Overlay « 0.0C 0.0C 0.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C
Ordinary Maintenance 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00] 0.0( 0.0 0.0 0 0.0 0.00 0.00
Ordinary Maintenance 3 0.00 0.00 0.00 0.00 0.0Q 0.0 0.0p .00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ordinary Maintenance 4 0.00 0.00 0.00 0.00 0.0Q 0.0 0.0p .00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LEGEND
Maintenance Type
Renewal Type
Renewal Activity



Actual Lane-Miles

Condition State Baseling Year 1 YearP Year[3 Year# Yeds|Yearf Year 7| Year 8 Year 9 Year 1D Year 1]l Year 12 Yedt3| Year 14 Year 1§
Target Very Poor Condition  25.0 43f 580 240 25.0 0251 250 240 86 0.0 0.0 0.0 0.0 0.4 0.0
Target Poor Condition 75.00 1063 4714 500 500 500 $0.083.04 00| 0.0 0.0 0.0 0.0 0.0 0.0) 0.0
Target Fair Condition 150.0  46. 4314 766 375 35 228.0 00| 00 0.0 0.0 0.0 0.0 0.0 0.0
Target Good Condition 175.0 1650 238.3 27B.1 268.6 14420 [ 0.0 00| 0.0 0.0 0.0 0.0 0.0 0.4 0.0
Target Excellent Condition| ~ 75.00 1385 1112.9 7%.3 118.98.26414.7 452.00 476.0 4914 500[0 5000 50p.0 500.0 5(0.0 .05

PO

Table 12: Number of Lane-Miles in Each Condition Sate for Every Funding Period
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5.6.3.2.Charts Produced Based on the Results Obtaith from Model 1.3

Budget Allocation Pattern - Model 1.3
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Figure 21: Budget Allocation Pattern Resulted fromModel 1.3
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Figure 22: Comparison between Budget Spent and Avable Budget in each Period
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5.6.3.3.Pavement Condition Trend Analysis

Trend Analysis- Very Poor Condition
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Figure 23: 15 Year Trend Analysis Pertaining to Pagment in Very Poor Condition
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Figure 24: 15 Year Trend Analysis Pertaining to Pagment in Poor Condition
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Number of Lane-miles

Trend Analysis- Fair Condition
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Figure 25: 15 Year Trend Analysis Pertaining to Pagment in Fair Condition
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Figure 26: 15 Year Trend Analysis Pertaining to Pagment in Good Condition
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Trend Analysis- Excellent Condition
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Figure 27: 15 Year Trend Analysis Pertaining to Pagment in Excellent Condition

5.6.3.4.0bservations

The goal of the objective function defined in pebl 3 is to minimize the
lane-miles in very poor, poor and fair conditionil@rexcess budget will be
used towards maximizing the number of lane-milesxecellent condition. As
noted earlier, the only difference between probktatement 2 and problem
statement 3is the performance target constraints pertainingaltowable

number of lane-miles in very poor, poor and fainaition starting from year

3 of the analysis.

Firstly, Table 11 and Table 12 show the budget allocation pattern and the
level of service pertaining to each year respelgtiughich resulted from the
parameters, pavement performance constraints anabjkctive function used
in Model 1.3 The results shown ifable 10indicates that budget allocation
which materialized based oModel 1.3 significantly differs from thatof
Model 1.1 and Model 1.2 in that Model 1.3 is designed to meet the
performance targets set by Virginia Department cdn§portation starting
from year 3 of the analysis. Hence, the resultswslioat the available

pavement maintenance budget for the first 3 ydaosld be spent on renewal
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activities which restore lane-miles in very poooop and fair to good and
excellent condition. Thudylodel 1.3 allocates the whole budget into Thick
Overlay 3 in the first year of the analysis, whidvailable pavement
maintenance budget is split between Thick OverlayRr&habilitation 1 and
Thick Overlay 2 renewal activities for the followgn3 years. Moreover,
Rehabilitation 1 consumes the available money ar yein an effort to bring
number of lane-miles in very poor condition downao acceptable level.
Thus, the budget allocation pattern that mateeslim the first three years
clearly shows thaModel 1.3 works as expected resulting in a feasible and

optimal solution.

Secondly, it should be noted that available budydirst 9 periods was fully
expended iModel 1.3 One interesting observation is that the levedastice
resulting fromModel 1.3is lower than that oModel 1.2although the amount
of money spent iModel 1.3is more tharModel 1.2. The difference between
levels of service pertaining to each model is egjigcsignificant for years 5
through 9. This difference results from introducperformance constraints to
the model which limits the number of budget allomatpatterns that the
model could generate. Hence, presence of perforenaostraints precludes
the model from generating more optimal results,cwhtould, otherwise, be

obtained in the absence of such constraints.

Finally, Model 1.3 asModels 1.1 and 1.2do, favors renewal activities under
preventive maintenance category over ordinary reamrice. Furthermore,
one important observation is thisltodel 1.3 first focuses on bring the lane-
miles in very poor, poor and fair condition to gamad excellent condition in
order to meet the pavement performance targetsyseéirginia Department of
Transportation resulting in less efficient maintece programming than that
of Model 1.2 which has the same objective function k®del 1.3

In conclusionModel 1.3is inferior toModel 1.2in terms of level of service

in that all the lane-miles in the network are ircelent condition after year 6
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based on the results obtained friModel 1.2 while Model 1.3 achieves the

same result after 10 years of pavement maintenance.
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5.6.4.PROBLEM STATEMENT 4
How should VDOT allocate its annual highway maiatece budget for different

renewal activities such that number of lane-milespoor, very poor and fair

condition will be minimized?

This problem will be subject to the constraintselisin the previous pages except

for Performance Targetconstraints, i.e., Constraint 1 and Constraint 2.

The only difference between Problem Statement 4 Rrublem Statements 1
derives from the fact that pavement maintenancegétuavailable in each period
is different from that of problem statement Tlable 13 shows the pavement
maintenance budget profile that pertains to prob&atement 4, whildable 5

from problem statement 1 is placed below nexidable 13for easy comparison.

It should be noted thad#lodel 1.4 is used to address the problem statement 4.

Annual Highway Maintenance Budget ($) Annual Highway Maintenance Budget ($)
available in Periodi available in Periodi
Budget
Budget Amount
Amount 1 $6,000,000
1 $6,000,000 2 $8,700,000
2 $6,480,000 3 $8,700,000
3 $6,480,000 4 $8,700,000
4 $6,480,000 5 $8,700,000
5 $6,480,000 6 $8,700,000
6 $6,660,000 7 $8,700,000
7 $6,660,000 o 8 $9,000,000
o 8 $6,960,000 9 $9,000,000
9 $6,960,000 10 $9,000,000
10 $6,960,000 11 $9,600,000
11 $7,200,000 12 $9,600,000
12 $7,200,000 13 $8,700,000
13 $7,260,000 14 $8,700,000
14 $7,380,000 15 $8,700,000
15 $7,500,000
Table 13: Available Annual Maintenance Table 14: Available Annual Maintenance
Budget Budget from Model 1.1
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5.6.4.1.Results Obtained from Model 1.4

Budget Allocated to each Renewal Activity
Renewal Activity Year 1 Year 2 Year3 | Year4 | Year5 Yea Year 7 Year 8 Year9 | Year 10 Year 11 Year 12 Year 13 Yedr4 Year 15
Recon $ $ 40 40 0 N 50 $0 $0 $0 $0 $0 $0 $0
Rehab? $p $p 40 $0 $0 B0 50 50 $0 $0 $0 $0 $0 $0 $0
Thick Overlay 3 $4,000,001  $6,155,453 $2,646]282 $3468 $3,501,08 $5,088,587 $4,175,B74 $3,35(0,806 $%5247,$1,670,888 $516,049 $298,3247 $0 $0 $0
Thin Overlay 4 $ $p $b $631,7|12 50 $1,562,008 $2,484,626,60P,194 $4,492,486 $5,289,112 $6,683|951 $5,809,834896®81 $5,985,436 0
Rehabl $p $p o $0 $2,978,919 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
Thick Overlay 2 $1,999,999  $324,147 $3,833[718 $2,41%,5 $q $9,40p $D 0 $0 0 $0 $223,907 $0 $0 $0
Thin Overlay 3 $ $p 40 0 $0 50 50 $0 $0 $0 $0 $0 $0 $0
Ordinary Maintenance 3 0 $0 50 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 o $
Ordinary Maintenance 4 0 $0 50 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 o $
Total Budget Spent $6,000,000 $6,480,000 $6,48(,0004896000 $6,480,000 $6,660,d00 $6,660/000 $6,96(,000 6890 $6,960,0d0 $7,200,000 $6,331,988 $5,896,981 53196 $0
Available Budget $6,000,000 $6,480,J00  $6,480[000 $HOM] $6,480,000 $6,660,000 $6,660,000 $6,96¢,000 $MOE0 $6,960,000 $7,200,0p0  $7,200,p00  $7,26(,000 $16€0, $7,500,00D0
Fraction of Maintenance Budget to Renewal Activitis - Budget Profile #1
Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 1C Year 11 Year 12 Year 13 Year 14 Year 1
Preventive Maintenanct 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 0.8¢€ 0.81 0.81 0.0C
Reconstruction 0.00 0.00 0.00 0.00 0.00 0.00 0.0( 0.0 0.00 .00 0 0.00 0.00 0.00 0.00 0.00
Rehabilitation 0.00 0.00 0.00 0.00 0.46 0.00 0.00 0.0q 0.0 .000 0.00 0.00 0.00 0.00 0.00
Rehabilitation 1 0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.0 00.0 0.00 0.00 0.00 0.00 0.00 0.00
Rehabilitation 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 00.0 0.00 0.00 0.00 0.00 0.00 0.00
Thick Overlays 1.00 1.00 1.00 0.90 0.54 0.77 0.63] 0.44 0.3b .24 0 0.07 0.08 0.00 0.00 0.00
Thick Overlay 2 0.33 0.05 0.59 0.41 0.00 0.00 0.00] 0.0q 0.0 0.00 0.00 0.43 0.00 0.00 0.00
Thick Overlay 3 0.67 0.95 0.41 0.59 1.00 1.00 1.00] 1.0 1.0 1.00 1.00 0.57 0.00 0.00 0.00
Thin Overlays 0.00 0.00 0.00 0.10 0.00 0.23 0.37] 0.53 0.6% 76 0. 0.93 0.92 1.00 1.00 0.00
Thin Overlay 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00] 0.0q 0.0 .000 0.00 0.00 0.00 0.00 0.00
Thin Overlay ¢ 0.0C 0.0C 0.0C 1.0C 0.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 0.0C
Ordinary Maintenance 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00] 0.0( 0.0( 0.0p 0 0.0 0.00 0.00
Ordinary Maintenance 3 0.00 0.00 0.00 0.00 0.09 0.0 0.0p .00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ordinary Maintenance 4 0.00 0.00 0.00 0.00 0.0g 0.0 0.0p .00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LEGEND
Maintenance Type
Renewal Type
Renewal Activity

Table 15: Budget Allocation that Materializes Basean Model 1.4
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Actual Lane-Miles
Condition State Baseling Year ] Year P Year|3 Year|4 Yeds| Year 6 Year 1 Year § Year 9 Year 1D Year 1}l Year 12 Yedt3| Year 14 Year 1%
Target Very Poor Condition 25,0 438 655 8714 948 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0] 0.0
Target Poor Condition 75.00 86p 87/7 298 00 Q40 0.0 D.0 0 D.0.0 0.0 0.0 0.0 0.0 0.0 0.0
Target Fair Condition 150.0 76p O. 0p 0[0 0|3 0.0 .0 .00.0 0.0 5.5 0.0 0.0 0.0 0.0
Target Good Condition 175.0 1844 186.6 238.7 2409 3p2B7.4| 2193 159.1 106 59.9 0.4 0. 0.p 0p 16
Target Excellent Condition| 75.00 1081 16¢.2 144.1 1(4.27.4| 222.6] 280.] 3400 393|8 44011 4945 50p.0 5(Q0.0 500.03.33

Table 16: Number of Lane-Miles in Each Condition Sate for Every Funding Period
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5.6.4.2.Charts Produced Based on the Results Obtaah from Model 1.4

Budget Allocation Pattern - Model 1.4
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Figure 28: Budget Allocation Pattern Resulted fromModel 1.4
Budget Spent Vs Available Budget-Model 1.4
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Figure 29: Comparison between Budget Spent and Avable Budget
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5.6.4.3.Pavement Condition Trend Analysis

Trend Analysis- Very Poor Condition
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Figure 30: 15 Year Trend Analysis Pertaining to Pagment in Very Poor Condition

Trend Analysis- Poor Condition
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Figure 31: 15 Year Trend Analysis Pertaining to Pagment in Poor Condition
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Number of Lane-miles

Trend Analysis- Fair Condition
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Figure 32: 15 Year Trend Analysis Pertaining to Pagment in Fair Condition

Number of Lane-miles

Trend Analysis- Good Condition
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Figure 33: 15 Year Trend Analysis Pertaining to Pagment in Good Condition



Trend Analysis- Excellent Condition
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Figure 34: 15 Year Trend Analysis Pertaining to Pagment in Excellent Condition

5.6.4.4.0Observations

The goal of the objective function defined in pegbl 4 is to minimize the
lane-miles in very poor, poor and fair conditiomeTonly difference between
Model 1.1 and Model 1.4 results from the pavement maintenance budget
available each period. The main purpose of devepthis model is to see the
significance of having less amount of money in kaidglocation pattern and

accordingly its effects on pavement level of sezvic

Firstly, Table 14 and Table 15 show the budget allocation pattern and the
level of service pertaining to each year respelgtjwghich resulted from the
parameters and the objective function usellauel 1.4. Based on the results
shown inTable 14 Virginia Department of Transportation should céetgly
consume the available annual highway maintenandgdiun the first eleven
periods in order to minimize the lane-miles in veygor, poor and fair
condition. The budget allocation materializing ieay 1 focuses offhick
Overlay 3 and Thick Overlay 2 renewal activities, which slightly differs

from that ofModel 1.1 Moreover,Model 1.4 favors Thick Overlay 3 until
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year 13, whereablodel 1.1 stops allocating money intdhick Overlay 3
after year 2 Thus, available maintenance budget in years 6 girdl4 is
essentially spent ofhick overlay 3 andThin Overlay 4 renewal activities in
Model 1.4, while the pavement maintenance budget availabléhé same
period inModel 1.1is allocated intorhin Overlay 3 and Thin Overlay 4,

ignoring Thick Overlay 3 renewalactivity.

Another interesting observation, based on the t®suigl that although there is
available budget during years 13 through 15, thdehdoes not allocate such
excess budget to renewal activities. Following t@asons that result in this

case:

= Money available between years 13 and 15 is mucle rti@n required
to retain lane-miles in either good or excellenhditon and there is
no need to apply treatment to very poor, poor wrd@ndition since all

the lane-miles are in excellent condition betweeary 13 and 15.

= The objective function defined for Model 1.4 stsveonly for
minimizing the number of lane-miles in very poolgop and fair
condition. Therefore, Model 1.4, as Model 1.1, ddawt invest any
money into renewal activities in any period whdre ¢xpenditure in a
given period does not improve the value of the abje function. In
other words, if the application of a renewal atyidoes not reduce the
number of lane-miles in very poor, poor or fair diion for any given
year, then Model 1.4 does not invest any moneyergiven period.
Thus, Model 1.4 does not spend any money in yeawhBre some of
the lane-miles in excellent condition in year l4ederate down to
good condition. This behavior results from the féwt the value of
the objective function is independent of the numbletane-miles in
good and excellent condition. Consequently, eveMaidel 1.4 had
spent some money in order to restore the lane-mdeteriorating
from excellent condition to good condition in yead, back to

excellent condition in year 15, this would not hahad affected the
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value of the objective function, which is essehtiab be minimized
by Model 1.4.

In conclusion,Model 1.4 asModel 1.1 does,favors renewal activities
under preventive maintenance category. FurthernMoglel 1.4 focuses
on restoring the lane-miles in poor and fair caoditfirst and then
maintaining the lane-miles restored back to goadl excellent condition

to retain the optimal value of the objective fuoanti

Moreover, Model 1.4 and Model 1.1 differ in terms of both budget
allocation strategy and pavement level of servides difference can be
attributed to the more stringent pavement mainte@dudget pertaining
to Model 1.4 in that althoughModel 1.4 allocates the available budget
completely between years 1 and 11, it can not aehiee level of service
which Model 1.1 provides. Finally, the difference betweklodel 1.4and
Model 1.1,in terms oflevel of service, results mostly from the number of
lane-miles that each model have in excellent cardithroughout 15

years of analysis.
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5.6.5.PROBLEM STATEMENT 5
How should VDOT allocate its annual highway maiatece budget for different

renewal activities such that number of lane-milespoor, very poor and fair
condition will be minimized while excess budget Iwhe used towards

maximizing the number of lane-miles in excellemdition?

The only difference between Problem Statement 5 Rrablem Statement 2
derives from the fact that pavement maintenancgétuavailable in each period
for problem statement 5 is different from that obllem statement Zlable 13

shows the pavement maintenance budget profile peatains to problem

statement 5.

It should be noted that Model 1.5 is used to addties problem statement 5.

Annual Highway Maintenance Budget ($) Annual Highway Maintenance Budget ($)
available in Periodi available in Periodi
Budget
Budget Amount
Amount 1 $6,000,000
1 $6,000,000 2 $8,700,000
2 $6,480,000 3 $8,700,000
3 $6,480,000 4 $8,700,000
4 $6,480,000 5 $8,700,000
5 $6,480,000 6 $8,700,000
6 $6,660,000 7 $8,700,000
7 $6,660,000 o 8 $9,000,000
o 8 $6,960,000 9 $9,000,000
9 $6,960,000 10 $9,000,000
10 $6,960,000 11 $9,600,000
11 $7,200,000 12 $9,600,000
12 $7,200,000 13 $8,700,000
13 $7,260,000 14 $8,700,000
14 $7,380,000 15 $8,700,000
15 $7,500,000
Table 17: Available Annual Maintenance Table 18: Available Annual Maintenance
Budget Budget from Model 1.1
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DECISION VARIABLES

Xij: Amount of money spent on treatméntithin periodi, Ji P andJj O R

Nyi: Number of lane-miles in conditiok at the end of period, OiOP and
OkOS

OBJECTIVE FUNCTION

Minimize " ((Ny + N +Ny) = (N, +5* Ng))

ioP

This problem will be subject to the constraintselisin the previous pages except

for Performance Targetconstraints, i.e. Constraint 1 and Constraint 2.
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5.6.5.1.Results Obtained from Model 1.5

Budget Allocated to each Renewal Activity

Renewal Activity Yearl | Year2 | Year3 | Year4 Year 5 Year6 | Year7 | Year8 | Year9 Year 1C Year 11 Year 12 Year 13 Year 14 Year 15
Recon $0 $p P §0 30 $0 o 3] 50 $0 $0 $0_ $727}461 $0 $0
Rehab2 $p $p £ 40 0 o 50 [s0 $0 $0 $0 $0 $0 $0 $0

Thick Overlay 3 $0  $6,480,000 $1,767,403 $0 $0 $0  $1,623,7 $187,834 $p $0 $0 0 $0 50 [$0
Thin Overlay 4 $3,999,996 0 $4,673,500 $4,027]481 R $6,660,000 $5,041,477 $5,382,p04 $5,554,186 $M6d8 $5,782,3%4 $5,918,9p6 $5,873,B71 $5,984,436 $@035,
Rehabl $p N o $0 $0 $3,906,147 $0 $0 $0  $5449274 $1,341,03441%B674¢ $1,281,094 0 b0 B0
Thick Overlay 2 $2,000,044 0 $38,d97 $2,452[519 $0 $0 $03%,162  $862,540 0 b0 50 [0 $0 $0
Thin Overlay 3 $0 $p 0 40 0 $0 [0 [50 $0 $0 $0 $0 $0 $0 $0
Ordinary Maintenance 3 0 b0 50 [s0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 o $
Ordinary Maintenance $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0)
Total Budget Spent $6,000,000 $6,480,000 $6,48(0,00048H8000 $6,480,0q0 $6,660,J00 $6,660J000 $6,960,000 68HOF $6,960,0d0 $7,200,d00 $7,200J000 $6,600,832 $39¢ $6,075,218
Available Budget $6,000,000 $6,480,J00 $6,480]000 $HOHE] $6,480,000 $6,660,000 $6,660,000 $6,96(,000 $MOF0 $6,960,000 $7,200,0p0 $7,200,p00 $7,26(,000 $706€O, $7,500,00p

Fraction of Maintenance Budget to Renewal Activitis - Budget Profile #1
Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 1C Year 11 Year 12 Year 13 Year 14 Year 1

Preventive Maintenance 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 0.91 0.81 0.81
Reconstruction 0.00 0.00 0.00 0.00 0.00 0.00) 0.04 0.0 0.00 .00 0 0.00 0.00 0.10 0.00 0.00
Rehabilitation 0.00 0.00 0.00 0.00 0.60 0.00 0.00] 0.04 0.08 190 0.20 0.18 0.00 0.00 0.00
Rehabilitation 1 0.00 0.00 0.00 0.00 1.00 0.00 0.09 0.0 01.0 1.00 1.00 1.00 0.00 0.00 0.00
Rehabilitation 2 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 00.0 0.00 0.00 0.00 0.00 0.00 0.00
Thick Overlays 0.33 1.00 0.28 0.38 0.00 0.00 0.24] 0.23 0.1p .000 0.00 0.00 0.00 0.00 0.00
Thick Overlay 2 1.00 0.00 0.02 1.00 0.00 0.00 0.00j 0.89 1.0 0.00 0.00 0.00 0.00 0.00 0.00
Thick Overlay 3 0.00 1.00 0.98 0.00 0.00 0.00 1.00 0.1 0.0 0.00 0.00 1.00 0.00 0.00 0.00
Thin Overlays 0.67 0.00 0.72 0.62 0.40 1.00 0.76] 0.77 0.8p 81 0. 0.80 0.82 0.89 1.00 1.00
Thin Overlay 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00] 0.0( 0.0 .000 0.00 0.00 0.00 0.00 0.00
Thin Overlay « 1.0C 0.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C 1.0C
Ordinary Maintenance 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00] 0.0( 0.0 0.0p 0 0.9 0.00 0.00
Ordinary Maintenance 3 0.00 0.00 0.00 0.00 0.0 0.0 0.0p .000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ordinary Maintenance 4 0.00 0.00 0.00 0.00 0.0d 0.0 0.0p .00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LEGEND

Maintenance Type
Renewal Type
Renewal Activity

Table 19: Budget Allocation that Materializes Basean Model 1.5
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Actual Lane-Miles

Condition State Baseling Year | YearR Year B Year|4 Year|5 Yed|Year 7 Year § Year 9 Year 10 Year 1]l Year 1|2 Year 13 Year 14 Yeab[l
Target Very Poor Condition 25.00 43/8 685 930 1142 .0 r6 134 20822 141 7.7 2.0 0.0 0.0 0.0
Target Poor Condition 75.0] 869 110.2 846 408 3p6 2429 7.7 (9.9 |0.0 0.0.0 [00.0 0.0 0.0 0.0
Target Fair Condition 150.00 1350 74 0p 00 00 3L5 7 DO O D.0 0.0 0.0.0 [00.0 0.0
Target Good Condition 1750 492 1011 00 00 1474 210 0.0 0.0 |0.0 0.0 0.0.0 0.0 0.0 0.0
Target Excellent Condition 75.0] 1852 216.2 32p.4 3451 3J2.0 4M5S.2| 469.4 479.8 485.9 4923 4980 500.0 509.0 5(0.0

Table 20: Number of Lane-Miles in Each Condition Sate for Every Funding Period
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5.6.5.2.Charts Produced Based on the Results Obtaith from Model 1.5
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Figure 35: Budget Allocation Pattern Resulted fromModel 1.5
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Figure 36: Comparison between Budget Spent and Avable Budget
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5.6.5.3.Pavement Condition Trend Analysis

Trend Analysis- Very Poor Condition
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Figure 37: 15 Year Trend Analysis Pertaining to Pagment in Very Poor Condition
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Figure 38: 15 Year Trend Analysis Pertaining to Pagment in Poor Condition



Number of Lane-miles

Trend Analysis- Fair Condition
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Figure 39: 15 Year Trend Analysis Pertaining to Pagment in Fair Condition

Number of Lane-miles

Trend Analysis- Good Condition
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Figure 40: 15 Year Trend Analysis Pertaining to Pagment in Good Condition




Trend Analysis- Excellent Condition
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Figure 41: 15 Year Trend Analysis Pertaining to Pagment in Excellent Condition

5.6.5.4.0Observations

The goal of the objective function defined in pegbl 5 is to minimize the
lane-miles in very poor, poor and fair conditionil@rexcess budget will be
used towards maximizing the number of lane-mileexecellent condition. As
noted earlier, the only difference between Probftatement 5 and Problem
Statement 2 derives from the fact that pavemenht@aance budget available
in each period for problem statement 5 is differeom that of problem
statement 2.

Firstly, Table 16 and Table 17 show the budget allocation pattern and the
level of service pertaining to each year respelgtiughich resulted from the
parameters and the objective function useMadel 1.5 Based on the results
shown inTable 16 Virginia Department of Transportation should cdetgly
consume the available annual highway maintenancigdiuin the first 12
periods in order to minimize the lane-miles in vegor, poor and fair

condition while maximizing the number of lane-milagxcellent condition.
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It should also be noted thaodel 1.5 spends the pavement maintenance
budget available in first 2 periods in a differananner thanrModel 1.2
Furthermore, botiModel 1.2 and Model 1.5 favors the application ofhin
Overlay 4 renewal activity in long term, while expenditurettpen pertaining

to each model differs in magnitude until year 1HisTobservation shows that
change in the magnitude of pavement maintenancgdbwavailable for each
model could result in significant differences imts of both budget allocation

pattern and pavement level of service.

Secondly, all the lane-miles in the network arexcellent condition starting
from year 14, thereforeThin Overlay 4 is the only renewal activity into
which pavement maintenance budget is allocatechat Thin Overlay 4
ensures that lane-miles deteriorating from excellndition are restored
back to excellent. This observation justifies thee wf arbitrary weights
included in the objective function pertaining kodel 1.5, as it was for
Model 1.2

In conclusionModel 1.5yields poorer level of service thawodel 1.2in that

all the lane-miles in the network are in excelleandition after year 6 based
on the results obtained froModel 1.2 while Model 1.5 achieves the same
result at year 14. This result does not come aspise in that the difference

in the available pavement maintenance budget partpito each model
affects the level of service achieved. Finally, thk parameters, constraints
and variables defined for each model are the satepe for the available
pavement maintenance budget. Hence, the compamsoie betweeModel

1.5 and Model 1.2 reveals the importance of the available pavement
maintenance budget, as well as the need for amzetil budget allocation

process.
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5.7.BASIC MODEL 2

5.7.1.PROBLEM STATEMENT 6
What is the minimum budget that VDOT needs to spendrder to meet the

performance targets pertaining to very poor, paat fair condition for 15 years?
There are 3 main differences between Problem astalems introduced so far.

1. Model developed for Problem 6 will not be subjeot the Budget
Constraint presented earlier since the goal of [probstatement 6 is to
determine the minimum budget that VDOT is to spenorder to meet the
performance targets pertaining to very poor, poat fair condition.

2. Model developed for Problem 6 will be subject t@® @t the performance
target constraints, name@onstraint 1 starting from yead. Constraint 1
pertains to the performance requirements for VesgrPPoor and Fair

condition.

3. Objective Function defined for problem statemers @ifferent from that

of problems introduced thus far.
It should be noted that Model 2.1 is used to addities problem statement 6.
DECISION VARIABLES

Xij: Amount of money spent on treatmgniithin periodi, i P and 0jOR

Nxi: Number of lane-miles in conditiok at the end of period, (i OP and
OkOS
OBJECTIVE FUNCTION

Minimize > > X;

iOP jOR
Subject to
Constraint 1

G, -N, =00 0P,0kOS
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5.7.1.1.Results Obtained from Model 2.1

Budget Allocated to each Renewal Activity

Renewal Activity Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 Year 11 Year 12 Year 13 Year 14 Year 15
Recon 0 50 0 0 0 0 0 $0 30 $0 $0 $0 0 50 0
Rehab2 $0 §0 $0 $0 50 50 $0 $0 $0 0 $0 $0 $0 §0 $0
Thick Cwveray 3 $2.153 706 %$3,991694] $4102796) $4.185602| $4262925) $4697 540| $4656.441( $4.732990| §47587930) $1.821532 §0 §0 $0 50 $0
Thin Overlay 4 0 50 0 0 §0 §0 0 $0 $0 $0| $10136.171) $46283575) $4 695 414] 54752 341 0
Rehabl $3.527 528 50 50 50 $773618 50 30 $0 $0 $0 $0 $0 50 $86,795| $2.940,152
Thick Cwvetlay 2 $10817 146 §0 $0 $0 50 50 §0 $0 50 0 §0 §0 0 §0 $0
Thin Overlay 3 $0 50 0 0 §0 §0 §0 $0 $0 0 §0 §0 $0 50 0
Ordinary Maintenance 3 50 50 0 0 0 0 30 30 30 50 50 50 50 50 0
Ordinary Maintenance 4 $0 §0 $0 $0 50 50 30 $0 $0 $0 $0 $0 $0 §0 $0
Total Budget Spent $23490,300[ $3991694] $4.102796) $4.100602| $5036543| §4 697 540( 64696441 §4.732990| §4 707 930) §1.021932) §10,136,171) $4620579) $4690.414) $4069,139) §2.940,152
Available Budget $6,000,000| $5,700,000] $5,700,000] $3,700,000) §3700,000] §3700,000] $3.700,000] $3,000,000] $3,000000[ §9,000000( §5,600,000( $5600,000( $5700,0000 %$5.,700,000 %$5.,700,000

Table 21: Budget Allocation that Materializes Basean Model 2.1

Acitual Lane-Miles
Condition State Baseline Year1l Year 2 Year3 Year 4 Year 5 Year 6 Year 7 Year § Year9 Year 10 | Yearll Year12 | Year13 | Year1ld4 | Yearl5s
Wery Poor Condition 50 50 50 50 50 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33 13.1 250 250
Foor Condition 750 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13.0 39.3 492 500 6.3
Fair Condition 1500 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 391 BE.A 591 394 26.3 17.5
Good Condition 1750 2000 2937 2954 2062 3215 3la7 3145 3134 31289 3127 0.0 0.0 0.0 0.0 1454
Excellent Condition 750 1850 1813 1794 1788 178.5 1833 1855 1864 187.1 1482 3084 3084 3084 3087 2658

Table 22: Number of Lane-Miles in Each Condition Sate for Every Funding Period
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5.7.1.2.Charts Produced Based on the Results Obtaith from Model 2.1

Budget Allocation Pattern - Model 2.1

$25,000,000

$20,000,000 B Ordinary Maintenance 4
O Ordinary Maintenance 3
$15,000,000 M Thin Overlay 3
D @ Thick Overlay 2
a=>:' W Rehabl
§ $10.000.000 0O Thin Overlay 4
B O Thick Overlay 3
B Rehab2
$5,000,000 O Recon
$0
RN o A Sy O O O
> 2 fo fz§> fzr > B fzr fz§> N Y
_\0 _\0 _\QI _\0 _\0 _\QI _\QI _\0 e’b’ *e"b' *Q'b' *Q:O' *Q:O' *Q(O’
Period (i)
Figure 42: Budget Allocation Pattern Resulted fromModel 2.1
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Figure 43: Comparison between Budget Spent and Avable Budget in each Period
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5.7.1.3.Pavement Condition Trend Analysis

Trend Analysis- Very Poor Condition
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Figure 44: 15 Year Trend Analysis Pertaining to Pagment in Very Poor Condition
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Figure 45: 15 Year Trend Analysis Pertaining to Pagment in Poor Condition
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Trend Analysis- Fair Condition
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Figure 46: 15 Year Trend Analysis Pertaining to Pagment in Fair Condition

Trend Analysis- Good Condition
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Figure 47: 15 Year Trend Analysis Pertaining to Pagment in Good Condition
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Trend Analysis- Excellent Condition
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Figure 48: 15 Year Trend Analysis Pertaining to Pagment in Excellent Condition

5.7.1.4.0Observations

The goal of the objective function defined in pebl 6 is to minimize the
total budget spent over the 15 year analysis peribastly, Table 18 and
Table 19 show the budget allocation pattern and the levelsefvice
pertaining to each year respectively, which resulteem the parameters,
pavement performance constraints and the objettivetion used irModel
2.1

The results shown infable 18 indicates that budget allocation which
materialized based dvodel 2.1 significantly differs from thabf the models
presented earlier due to the following reasons:

1. Model 2.1is designed to meet the performance targets for peor,
poor and fair condition, which are set by Virginepartment of

Transportation, starting from year 1 of the analysi

2. There are not any budget constraintMiodel 2.1
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Hence, the results show that money to be speneam ¥ is extremely more
than following 14 years. This budget allocationt@at results from the fact
that Model 2.1restores lane-miles in fair and poor condition indragely in
first year of analysis. Thus, trend analysis chafitpures 44 through 48,
clearly show thatModel 2.1 minimizes the lane-miles in fair and poor
condition in order to meet the performance targeteduced as constraints in
Problem 6 given that there is no limit in the amount of mpravailable at
any given period. Moreoverhick Overlay 2 and Thick Overlay 3 renewal
activities receive more than 80% of budget spehilenonly 20% is allocated
to Rehabilitation 1 in the first year of analysis resulting in sigo#nt

improvements in pavement condition.

Another interesting observation is that startingnfryear 2; money spent on
renewal activities decreases rapidly and focusaslynan Thick Overlay 3,
which restores pavement in fair condition to el condition, between
years 2 and 10. This budget allocation pattern stieom the fact thavlodel
2.1 strives for restoring the lane-miles deterioratimgm good condition to

fair condition.

Finally, it is important to note thdflodel 2.1 andModel 1.4 use almost the
same amount of money over 15 years. Thus, compabstwveen level of
service obtained based on these two models aratedsélence,Table 15

and Table 19 indicate thatModel 1.4 yields better level of service in long
term, while Model 2.1 is superior toModel 1.4 in the first 5 years of the
analysis. This result stems from the fact tdaidel 2.1invests almost 4 times
more money in maintenance activities ttMadel 1.4in the first 5 years of

the analysis

In conclusion,Model 2.1 is designed to determine the minimum budget
required in order to meet the performance targets&ming to very poor, poor
and fair condition over 15 years of analydtighway agencies aiming to
restore lane-miles in very poor, poor and fair ¢bod in the first a few years

of the analysis can use this model not only tordatee the minimum budget
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required to meet the performance targets, buttalsealize visible and rapid
improvements in terms of pavement performance tjivout the network.

However, the drawbacks of this model are as follows
= Substantial costs in the first a few years of pasihmmaintenance

programming

= Lower pavement level of service starting frof‘h)@ar of analysis
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5.7.2.PROBLEM STATEMENT 7
What is the minimum budget that VDOT needs to spendrder to meet the

performance targets pertaining to very poor, poa fair condition starting from

year 2?
There are 2 main differences between Problem Paolkllem 6.

1. Model developed for Problem 7 will be subject tce tBudget
Constraint presented earlier in order to limit thaximum amount of
money which can be available at a given year —ith$t9,600,000 in
this problem.

2. Model developed for Problem 7 will be subject toeonf the
performance target constraints, namé@gnstraint 1 starting from
year 2, as opposed to Problem 6 where Constraint 1 perta the
performance requirements for Very Poor, Poor anol Eandition
applies starting from yedr

The reason for presenting Problem 7 stems fronfabiethat highway agencies
usually do not have substantial amount of moneyniaintenance at one year.
The budget allocation pattern demonstrated in M@delindicates that Virginia
Department of Transportation should spend almo24,$00,000 in one year in
order to meet the performance targets and to maa@rnthe cost for the 15 year
analysis period. However, this budget allocatiottgua is not very likely to
materialize in practice. Hence, maximum amount adnay, which can be
allocated in one year, is capped through introduycn budget constraint in
Problem 7. Thus, deviation between budgets pengito each period decreases
and problem statement 7yields more practical results than that pbblem

statement 6

It should be noted that Model 2.2 is used to addities problem statement 7.
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DECISION VARIABLES

Xij: Amount of money spent on treatméntithin periodi, i P andJj O R

Nyi: Number of lane-miles in conditiok at the end of period, i P and
OkOS

OBJECTIVE FUNCTION

Minimize > X,

iOP jOR
Subject to
Constraint 1

G, - N, =00k0S,,i=2, 3... 15

Constraint 3

ixij <B,0iOP

j=1

Constraint 3 represents the annual highway maintsnhudget constraint
Money spent on 9 different renewal activities (tne@nts) within the period
must be less than or equal to the budget avail&dreperiod i, which is $
9,600,000 each year.
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5.7.2.1.Results Obtained from Model 2.2

Budget Allocated to each Renewal Activity

Renewal Activity Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 Year 11 Year 12 Year 13 Year 14 Year 15
Recon 0 50 0 0 0 0 0 $0 30 $0 $0 $0 0 50 0
Rehab2 $0 §0 $0 $0 50 50 $0 $0 $0 0 $0 $0 $0 §0 $0
Thick Cwveray 3 $6,977 506 §0| $6.406,423| $3795364| $3 993183 B4937 241 $4800979| §4.785770( $4.813403] §1.350736 §0 §0 $0 50 $0
Thin Overlay 4 0 50 0 0 §0 §0 0 $0 $0 $995 B36 $9600000] $4625113) $4694 459 54 508 876 0
Rehabl $0| $7.423060) $2422 765 $2.459,107( §1,065505 50 30 $0 $0 $0 $0 $0 50 $283,726] $2.940,152
Thick Cwvetlay 2 $2622.394] %2,176.940 §770.812 $0| §3057.718 50 §0 $0 50 0 §0 §0 0 §0 $0
Thin Overlay 3 $0 50 0 0 §0 §0 §0 $0 $0 0 §0 §0 $0 50 0
Ordinary Maintenance 3 50 50 0 0 0 0 30 30 30 50 50 50 50 50 0
Ordinary Maintenance 4 $0 §0 $0 $0 50 50 30 $0 $0 $0 $0 $0 $0 §0 $0
Total Budget Spent $2,600,000] $9600000] $2600000 $6244471) $G 116407 §4937 241 $4009979| $4.706770| $4013403) §2346372( $9600000( $4625113| $4.694 489 §5092 602 §2 940152
Available Budget $9,600,000| $3,600,000] $3,600,000] $9,6500,000) $9500,000] $9500000] $9500,000] $396500,000] $9,600,000( §9600000( §5,600,000( $5600,000 $5600,000) $5600,000 %$5 600,000

Table 23: Budget Allocation that Materializes Basean Model 2.2

Actual Lane-Miles
Condition State Baseline Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 | Yearll Year12 | Year13 | Yearld4 | Yearls
Very Foor Condition 250 438 250 250 250 0. 0.0 nn nn an 0. 0.0 38 138 250 250
Poor Condition 750 205 50.0 0.0 377 0. 0.0 nn nn an 0. 15.1 403 495 00 46.1
Fair Condition 1500 321 594 n7 on 0. 0.0 nn nn an 453 ] 579 356 257 17.2
Gaod Condition 1750 1908 2635 256 2774 3380 3244 3180 3151 3137 1832 0.0 nn nn an 1456
Ezxcellent Condition 750 15289 e 1597 1308 1620 17546 1820 1840 1863 1715 3080 3980 3980 395 2R6.2

Table 24: Number of Lane-Miles in Each Condition Sate for Every Funding Period
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5.7.2.2.Charts Produced Based on the Results Obtaith from Model 2.2

Budget Allocation Pattern - Model 2.2
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Figure 49: Budget Allocation Pattern Resulted fromModel 2.2

Budget Spent Vs Available Budget - Model 2.2
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Figure 50: Comparison between Budget Spent and Avable Budget in each Period
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5.7.2.3.Pavement Condition Trend Analysis

Trend Analysis- Very Poor Condition
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Figure 51: 15 Year Trend Analysis Pertaining to Pagment in Very Poor Condition
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Figure 52: 15 Year Trend Analysis Pertaining to Pagment in Poor Condition
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Trend Analysis- Fair Condition
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Figure 53: 15 Year Trend Analysis Pertaining to Pagment in Fair Condition

Trend Analysis- Good Condition
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Figure 54: 15 Year Trend Analysis Pertaining to Pagment in Good Condition
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Trend Analysis- Excellent Condition
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Figure 55: 15 Year Trend Analysis Pertaining to Pagment in Excellent Condition

5.7.2.4.0Observations

The goal of the objective function defined in pegbl 7 is to minimize the
total budget spent over the 15 year analysis pes®dt is in problem 6.
Firstly, Table 20and Table 21 show the budget allocation pattern and the
level of service pertaining to each year respelgtjwghich resulted from the
parameters, pavement performance constraints anabjkctive function used
in Model 2.2

The results shown infable 20 indicates that budget allocation which
materialized based avlodel 2.2 significantly differs from thabf Model 2.1
presented earlier due to the fact thdbdel 2.2 is subject to budget
constraints. Thus, the results show that moneyetegent in year 1 iModel
2.2is less than half of what is spenthfodel 2.1 during the same period. The
trend analysis charts, figures 51 through 55, bleshow thatModel 2.2
restores some of the lane-miles in fair, poor aed/\poor condition for the
first 4 years in order to meet the performanceefs gtroduced as constraints
in Problem 7 given that there is now a limit in the amount ajmay available

at each period. Furthermor®odel 2.2 minimizes the lane-miles in very
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poor, poor and fair condition between years 5 afid Moreover, budget

allocated to renewal activities between years 10 &% decreases rapidly
since Model 2.2 already meets the performance targets and striges f
minimizing the budget which is essentially the ahijee of this model.

One important observation is th@ihick Overlay 2 and Thick Overlay 3
renewal activities receive 100% of budget spertha very first year, while
Rehabilitation 1 gains more importance in the following years of Igsia

resulting in significant improvements in pavemeordition.

Another interesting observation is that money spentenewal activities until
year 10 is, in particular, invested in 3 renewalivitees, namely Thick
Overlay 2, Thick Overlay 3 and Rehabilitation 1. Moreover,Model 2.2
invests money inrhin Overlay 4 mainly in order to restore the lane-miles
deteriorating from excellent to good starting fromear 10. This can be
attributed to fact thaModel 2.2 prefers to minimize the lane-miles in good
condition in an endeavor to prevent deterioratibtane-miles from good to
fair condition since performance constraints introetd herein limits the

number of lane-miles that can be present in faindd@wmn at any given year.

Finally, it is important to note thaflodel 2.1 andModel 2.2 use almost the
same amount of money over 15 years. Thus, compabstwveen level of
service obtained based on these two models aratedsélence,Table 19
and Table 21 indicate thatModel 2.1 and Model 2.2 yield almost the same
level of service in long term, whilglodel 2.1is superior taViodel 2.2in the
first 5 years of the analysis. This result stenmnfrthe fact thaModel 2.1
invests more than twice as much moneyMaslel 2.2 does in the very first
year of the analysi$ience, substantial amount of money spent upfrothiesa

the difference between two models compared here.

In conclusion,Model 2.2 is designed to determine the minimum budget
required in order to meet the performance target&ming to very poor, poor

and fair condition over 15 years of analydtighway agencies aiming to
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restore lane-miles in very poor, poor and fair ¢bod in long term can use
this model not only to determine the minimum budgpguired to meet the
performance targets, but also to obtain more maldtvestment strategy over
15 years of analysis.
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CHAPTER 6

6. COMPARISON OF MANUAL AND AUTOMATIC BUDGET ALLOCATIO N
PROCESSES

This chapter compares and discusses the budgeatatdio pattern and pavement
performance level obtained from manual budget atioo process (Krueger and de la
Garza, 2008) and automatic budget allocation psofmsl5 year analysis period. Manual
budget allocation process refers to decision-makiragess based on system dynamics
approach used by Krueger and de la Garza (2008)e whtomatic budget allocation
process refers to network-level optimization toeveloped within research based on
linear programming algorithm. Parameters used ith manual and automatic budget

allocation process are listed below.

Available Annual Highway Maintenance Budget:

Annual Highway Maintenance Budget ($)
available in Periodi
Budget
Amount
1 $6,000,000
2 $8,700,000
3 $8,700,000
4 $8,700,000
5 $8,700,000
6 $8,700,000
7 $8,700,000
o 8 $9,000,000
9 $9,000,000
10 $9,000,000
11 $9,600,000
12 $9,600,000
13 $8,700,000
14 $8,700,000
15 $8,700,000
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Unit Cost of Each Treatment:

[ Unit Cost of Each Treatment within each Period (U_ij) |

R
Recon Rehab Thicks, Thin, Rehah Thick, Thing OM; oM,
1 2 3 4 5 6 7 8 9
0 $299,43 $138,13! | $67,80! $29,15¢ $188,13! | $101,80¢ | $59,99: $19,64¢ | $12,26¢
1 $303,92! $140,20° [ $68,82: $29,59: $190,95 | $103,33( | $60,89: $19,93¢ | $12,45:
2 $308,48! $142,311 | $69,85! $30,03' $193,82. | $104,88( | $61,80¢ $20,23¢ | $12,63¢
3 $313,11! $144,44! | $70,90: $30,48' $196,72¢ | $106,45' | $62,73: $20,54. | $12,82¢
4 $317,81. $146,61. [ $71,96¢ $30,94! $199,67¢ | $108,05( | $63,67: $20,85( | $13,02:
5 $322,57¢ | $148,811 | $73,04' | $31,40¢ $202,67! | $109,67 | $64,62° | $21,16. | $13,21¢
6 $327,41¢ | $151,04. | $74,14. | $31,88( $205,71! | $111,32. | $65,59° | $21,48( | $13,41!
a 7 $332,32¢ | $153,30i | $75,25. | $32,35¢ $208,801 | $112,99. | $66,58. | $21,80: | $13,61¢
8 $337,31- | $155,60i | $76,38. | $32,84: $211,93. | $114,681 | $67,57¢ | $22,12¢ | $13,82(
9 $342,37- | $157,94. | $77,52t | $33,33¢ $215,11 | $116,40° | $68,59¢ | $22,46: | $14,02°
10 $347,50¢ | $160,31. | $78,69: | $33,83¢ $218,33¢ | $118,15. | $69,62: | $22,79¢ | $14,23¢
11 $352,72. | $162,71 | $79,87: | $34,34 $221,61. | $119,92! | $70,66¢ | $23,14( | $14,45:
12 $358,01. $165,15 [ $81,06¢ $34,85¢ $224,93 | $121,72« | $71,72¢ $23,48° | $14,66¢
13 $363,38. $167,63. | $82,28! $35,38: $228,31. | $123,55( | $72,80: $23,83¢ | $14,88t
14 $368,83: $170,14: | $83,51¢ $35,91: $231,73( | $125,40. | $73,89: $24,19° | $15,11:
15 $374,36! $172,70. | $84,77. $36,45: $235,21. | $127,28: | $75,00: $24,56( | $15,33¢
[ Inflation Rate | 1.5% |

Deterioration Rates:

Deterioration Rate from Condition State (k+1)

to k
Condition State (k)
1 2 3 4 5
- 1 4
S 2 3
s o
el 5 3 5
S o 4 3
5

Baseline Condition:

Number of Lane-Miles in each condition at year 0 Baseling
Condition)
Condition State (k) CCl Value N kO

1 (Very Poor) CCl<=49 25
2 (Poaor) 49<CCI<=59 79
3 (Fair) 59<CClI<=69 15(
4 (Good) 69<CCl<=89 17%
5 (Excellent) CCI>89 75
[Total Lane-Miles | 500

103



6.1. COMPARISON AND DISCUSSION OF RESULTS
This section shows the comparison of results obthifnom manual and automatic

budget allocation process based on the paraméttrd in section 6. It must be noted
that the MS Candidate runs two different scenandble automatic budget allocation
process, that is - network level optimization mopedsented herein. The reason for
running two scenarios is to see the significancehainging the objective function in
the network level optimization model and its effeatbudget allocation process and
pavement performance. Objective functions usezhth run are stated and pavement
performance trend analysis charts are locatedlsidade for easy comparison of the
results.

I. Scenario 1: How should VDOT allocate its annual highway maimtece
budget for different renewal activities such thatmier of lane-miles in poor,

very poor and fair condition will be minimized ftire next 15 funding periods?
It should be noted th&flodel 1.1is used to rurscenario 1
DECISION VARIABLES

Xij: Amount of money spent on treatméntithin periodi, Ui OP and0j OR

Nyi: Number of lane-miles in conditiok at the end of period, OiOP and
OkOsS

OBJECTIVE FUNCTION

Minimize > ((N; + N, +N;))

ioP

This problem will be subject to all the constraifitged in Problem Statement 1

except forPerformance Targetconstraints, i.e. Constraint 1 and Constraint 2.

Results, which are obtained from the network-legptimization tool developed
within this research and the manual budget allooaprocess, are compared and

discussed next.
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Pavement Performance Trend Analysis Comparison

Automatic Budget Allocation Procedgtodel 1.1
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Figure 58: Krueger and de la Garza (2008) - Fair
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Number of Lane-miles

Trend Analysis- Good Condition

Period (i)

—&— Good Condition

Target Good Condition

Number of Lane-miles

600.0
500.0
400.0
300.0
200.0
100.0

0.0 +

<

Trend Analysis- Excellent Condition

Good Condition

E &

B
=

Number of Lane Miles

B

180

Year

Figure 59: Krueger and de la Garza (2008) -Good

Excellent Condition

—

«

@
&8
P ~@'o 4'2? s@fzr

SN

Y \'b

R I T S L
_k@ _k?; *Q; *@ _k@ _k?; {Qﬁb ~k®’0 {@’0‘ {Qﬁb AQ:D

Period (i)

A

\Y \Y
&

—o— Excellent Condition

Target Excellent Condition

Number of Lane Miles

o
=]

i
5

B
7

100~

Year

Figure 60: Krueger and de la Garza (2008) - Excelie

Condition State
Very Poor Conditio Poor Condition Fair Conditipn @ddondition | Excellent Conditiop

Baseline 25.0 75.( 150.p 175[0 79.0
Year 1 43.7 106. 46.p 165|0 134.5
Year 2 70.3 53.4 0.9 219[7 1563
Year 3 74.6 0.0 0. 321 104{2
Year 4 50.¢ 0.C 0.C 379.¢ 69.5

Year 5 0.C 0.C 0.C 453.7 46.2

Year 6 0.0 0.( 0. 436.9 631
Year 7 0.0 0.( 0. 364.8 1352
Year 8 0.0 0.G 0. 281.B 2182
Year 9 0.0 0.( 0. 196.p 303|5
Year 1C 0.0 0.G 0. 108.p 39114
Year 11 0.0 0.( 0. 0.0 5000
Year 12 0.0 0.G 0. 0.0 50040
Year 123 0.0 0.( 0. 0.0 500J0
Year 14 0.0 0.G 0. 0.0 5000
Year 15 0.C 0.C 0.C 166.7 333.%

Figure 61: Actual Lane-Miles in Each Condition Staé Resulted From Scenario 1
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Results shown in page 104 and 105 indicate thatesysdilynamics approach and
automatic budget allocation process yield simi@rgment performance levels in the end
of 15 funding periods, although the magnitude cdre in pavement performance is
different from each other throughout 15 years. kemhore, automatic budget allocation
process minimizes the number of lane-miles in \exgr, poor and fair condition , that is
— 0, within first 3 funding periods, whereas budg#location materialized based on
system dynamics approach cannot achieve the sarakedkeperformance even until the
last funding period. Moreover, system dynamics agphn aims at having as many lane-
miles in excellent condition as possible. Therefateyields approximately 320 lane-
miles at the end of funding period 15, while auttmbudget allocation process is at 333

lane-miles.

In conclusion, automatic budget allocation procgmdds better results than system
dynamics approach if a decision-maker’s goal imilwimize the number of lane-miles in
very poor, poor and fair condition within the firatfew years of the analysis. This
conclusion can be easily reinforced by comparidocharts pertaining to very poor, poor
and fair condition shown in previous pages. Thewngt level optimization model,
Model 1.1, presented herein also suggests that all of the-mailes in the road network
will be in either good or excellent condition aetend of funding period 15, whereas
results given by system dynamics approach indidhtgsthe total number of lane-miles
in very poor, poor and fair condition will be be®e50 and 100 at the end of period 15.
Observations noted here encourages the MS candwate another scenario to see the
significance of favoring excellent condition in tbbjective function and observe if the
network level optimization developed within thissearch is still superior to system
dynamics approach utilized by Krueger and de laz&dP008) in terms of overall
pavement performance throughout 15 years of amsali#nce, results given Wodel
1.2, which is already presented 8ection 5.6 will be compared with results suggested

by system dynamics approach presented by Kruegedaua Garza (2008).
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Scenario 2: How should VDOT allocate its annual highway maiiece

budget for different renewal activities such thater of lane-miles in very
poor, poor and fair condition will be minimized Whiexcess budget will be
used towards maximizing the number of lane-milegxoellent condition for

the next 15 funding periods?

The objective function defined in scenario 2 isigiesd to favor having as
many lane-miles in excellent condition as possithieough using arbitrary

weights, subject to available budget.
It should be noted th&llodel 1.2is used to rurscenario 2
DECISION VARIABLES

Xij: Amount of money spent on treatmentithin periodi, i P andJj OR

Nyi: Number of lane-miles in conditiok at the end of period Li P and
OkOS

OBJECTIVE FUNCTION

MinimiZGZ((Nn +N, + N3i) - (N4i +5* N5i))

ioP

This problem will be subject to all the constrailgsed in scenario 1.
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Pavement Performance Trend Analysis Comparison

Automatic Budget Allocation Procesgedel 1.2
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Figure 62: Krueger and de la Garza (2008) -Very Pago

Poor Condition

o /N i

/ 9
8o/ \
/ ™

60| \,

0- \ 1

Number of Lane Miles

20| .

Figure 63: Krueger and de la Garza (2008) - Poor

Fair Condition

g

Number of Lane Miles

ol
=]

Year

Figure 64: Krueger and de la Garza (2008) - Fair
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Figure 66: Krueger and de la Garza (2008) - Excelia

Condition State
Very Poor Condition | Poor Conditioh Fair Conditipn @ddondition | Excellent Conditiop

Baseline 25.C 75.C 150.C 175.C 75.C

Year 1 43.8 106. 81.B 84|1 184.6
Year 2 70.3 106. 0.p 0p 3229
Year 3 97.0 39.4 0.0 0.p 363[4
Year 4 102.9 0.4 0.0 0.p 397{2
Year 5 10.€ 0.C 0.C 34.¢ 4542

Year 6 0.C 0.C 0.C 0.C 500.C

Year 7 0.0 0.4 0. 0.0 50040
Year 8 0.0 0.4 0. 0.0 50040
Year 9 0.0 0.4 0. 0.9 500J0
Year 1C 0.0 0.4 0. 0.0 50040
Year 11 0.0 0.4 0. 0.0 50040
Year 12 0.0 0.4 0. 0.9 500J0
Year 13 0.0 0.4 0. 0.0 50040
Year 14 0.0 0.4 0. 0.0 50040
Year 18 0.0 0.4 0. 0.9 500J0

Figure 67: Actual Lane-Miles in Each Condition Stéae Resulted From Scenario 2
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System dynamics approach adddel 1.2 differ substantially in terms of both short and
long term pavement performance based on the reshdisn in page 108 and 1(0dodel
1.2 minimizes the number of lane-miles in poor and fandition, that is — 0, until
funding period 4 as opposed to period 3 observesc@nario 1. MoreoveiViodel 1.2
favors having as many lane-miles in excellent ctowlias possible due to the change in
the objective function. Therefore, it suggests #@lhthe lane-miles in the road network,
that is — 500, will be in excellent condition aftemding period 5. However, system
dynamics approach cannot achieve the same lev&rofce even at the end of funding
period 15, where the number of lane-miles in excgltondition is at approximately 320.
These observations clearly indicate that resulisrgiby the network level optimization
tool developed within this research effort is highependant upon objectives, which a
decision-maker using this tool defines.

In conclusion, the network level optimization tgukesented herein yields better results
than system dynamics approach suggested by Kruagerde la Garza (2008), if
decision-maker’s goal is to minimize the numbelaoke-miles in very poor, poor and fair
condition, while maximizing the number of lane-rsilén excellent condition. This
conclusion can be easily reinforced by comparidocharts pertaining to very poor, poor
and fair condition shown in previous pages. The tlveloped within this research also
tops system dynamics approach in terms of maximgizire number of lane-miles in
excellent condition. Comparison performed here asggests that 100% of the lane-
miles in the road network will be in excellent cdimh at the end of funding period 5
based on the network level optimization tool; whsreesults given by system dynamics
approach indicate that the total number of lanesniin excellent condition will be

around 70% of the road network.
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CHAPTER 7

7.1.CONCLUSIONS
Observations made regarding the models 1, 2 andcBsbed in previous chapters show

that Model 1.2 yields more desirable results than thatMddel 1.1 and Model 1.3

Different results obtained from each model canthéated to the fact that the objective
function defined for each model and the constrainte/hich each model is subject are
different and therefore each model yields signiftba different outcomes in terms of
both budget allocation pattern and pavement lef’eeovice. It must be noted that the
models discussed above can be customized basedeodetision-maker's needs and
sensitivity analysis can easily be made throughmgimg the problem parameters and

constraints.

Moreover, it should also be noted th&bdel 1.5andModel 1.2 can be compared since
the only difference between these two models stem the annual maintenance budget
used in such models. Thus, after analyzing botheispdt is evident thaModel 1.5
yields poorer level of service thamodel 1.2in that all the lane-miles in the network are
in excellent condition after year 6 based on ttmilte obtained fronModel 1.2, while
Model 1.5achieves the same result at year 14. This resek dot come as a surprise in
that the difference in the available pavement nemiahce budget pertaining to each
model affects the level of service achieved. Furtioee, the parameters, constraints and
variables defined for each model are the same eximpthe available pavement
maintenance budget. Hence, the comparison madesbetModel 1.5 and Model 1.2
reveals the importance of the available pavememtteraance budget, as well as the need
for an optimized budget allocation process. Coneetly, this observation shows that
change in the magnitude of pavement maintenancgdbadailable for each model could
result in significant differences in terms of bdihdget allocation pattern and pavement

level of service.

It is also important to note thitodel 2.1andModel 1.4 use almost the same amount of
money over 15 years. Thus, comparison betweeretheds| of service obtained based on

these two models show thisitodel 1.4 yields better level of service in long term, while
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Model 2.1is superior taVlodel 1.4in the first 5 years of the analysis in thabdel 2.1
favors incurring upfront cost so that rapid impnoant in pavement performance can be
achieved.Hence, number of lane-miles in poor and fair caaditdecreases down to 0
after the application of renewal activities in thexy first year of the analysis.

Another interesting observation is thdbdel 2.1 and Model 2.2 yield almost the same
level of service in long term, whildodel 2.1is superior taViodel 2.2in the first 5 years
of the analysis. MoreoveModel 2.2 interestingly spends more money thdondel 2.1,
although the level of service provided by both mede almost the same. However,
highway agencies aiming to restore lane-miles iry y@or, poor and fair condition in
long term should usBlodel 2.2 not only to determine the minimum budget required t
meet the performance targets, but also to obtaire mpmactical investment strategy over

15 years of analysis.

It is important to note that Constraint 2, whiclpnesents the number of lane-miles in
good and excellent condition being greater than pbeformance targets stated by
Virginia Department of Transportation (VDOT), isvee used in any of the models
presented in this research. Constraint 2 actualehbeen enforced in a few models,
however, the optimization model developed withins thesearch did not yield any
feasible solution based on the performance targgt$or excellent and good condition.
Furthermore, parameters, such as baseline paveroedition and available highway
maintenance budget, used in this research affabiednfeasibility noted above since
performance targets set for excellent and gooditondccould not be met with available

highway maintenance budget and the baseline conditated in this document.

In conclusion, it is important to emphasize on thet that results obtained based on
manual budget allocation are inferior to what istaoted from the network level
optimization tool presented herein. The tool seeschlor the optimal pavement
maintenance programming considering multiple yeafrsanalysis, whereas manual
budget allocation process takes every funding peseparately and develop a strategy at
the beginning of the next funding period. This @®x omits the effect of maintenance
investment made today on the following years. Tioeeg it has been shown that manual

budget allocation process yields less desirablaltees) terms of effectiveness and cost-
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efficiency in comparison to automatic budget altawa process. Hence, this drawback
results in the conclusion that the network-leveimpzation tool developed herein yields
more desirable pavement maintenance programming thanual budget allocation

process.
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7.2.CONTRIBUTIONS to BODY OF KNOWLEDGE
The network level optimization model presented hins tdocument contribute to the

problem area in that previous research and optiioizanodels that have been reviewed
in Chapter 2 of this document used probabilistitederation models, whereas the
network-level optimization model designed in thissearch use a deterministic
deterioration model developed based on 8 yearmsabfpavement condition data collected
in the last 8 years. Models using probabilistic eledthose by Turnquist and Mbwana
(1996) and Abaza and Ashur (1999), have been izeticdue to the following three

aspects inherent in each model:
1. Probabilistic models are complex and difficult toderstand

2. Probabilistic models are time-consuming and reqguite up-front effort to put

the current pavement data in the format that camsled in the model

3. Disputable assumptions regarding probabilistic agpin undermine the strength

of the models proposed

Moreover, integer programming approach proposecRhbyiarala et al. (1997) is not
applicable to large scale programming problemstduggh computational requirements,
whereas the network level optimization problem emésd herein works on Linear
Programming approach and can handle high compo#dti@quirements. Furthermore,
the Highway Economic Requirements System/State Maedach is also introduced in

Chapter 2 of this document, searches for possibpgavements on individual sections of
highways and evaluate them. This evaluation isgperd on each section of highway for
a single funding period. Subsequently, HERS-ST atpéhe process for the following
funding periods. Finally, after the analysis is @b@ted for all the funding periods, the

results are gathered and printed to several ofitpst

Results shown in this document reinforce the ided incorporating a smart decision-
making tool is beneficial in determining an effeetiand efficient pavement maintenance
programming. ThusChapter 6 of this thesis shows that system dynamics approach
presented by Krueger and de la Garza (2008) yielsts desirable results than what is
presented in this research since the network-leggmization model developed herein
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searches for the optimal pavement maintenance gmoging considering multiple years
of analysis, whereas a decision-maker arbitratfiycates money into renewal activities
in first year, and then go through the same proéaisshe following years in system
dynamics approach. Thus, the system dynamics agpmaes not consider the effect of
the budget allocation performed in a given yearttmn following periods. Hence, this
drawback results in the conclusion that the netwevkl optimization tool developed
herein yields more desirable pavement maintenanegrgmming than manual budget
allocation process, which essentially elicits tbatabution of this thesis work to body of

knowledge.

It should also be noted that the network-level mmation model developed in this
research is flexible in terms of adjusting the pagters and objective functions within
the excel tool complementing this document. Thenmo need to divide the road network
into sections, as required in models reviewed iagiér 2 of this document, in order to
create new models in the model developed withis thsearch. Thus, decision-makers in
highway agencies do not need to allocate substargifront time, effort and money in
order to create models that are suitable for problevhich they have at hand.
Furthermore, optimization model developed withirs tresearch effort differs from the
ones introduced thus far in that it is very praatiand easily reproducible since number
of components pertaining to the model far less tinmodels introduced previously.
Hence, it is very easy for any decision-maker, rdigas of technical background, to
study the model and make use of it. Furthermome ntbdel works with values that have
been found deterministically as opposed to probsiuilapproach, hence does not require

any rigorous probabilistic or economic calculations

In conclusion, the model developed herein suggedisoad budget allocation strategy
and a potential pavement condition trend througtioeinetwork. Therefore, this research
adds value to body of knowledge, not only becauselgity and practicality inherent in
the network level optimization model is likely tpmeal to decision-makers in highway
agencies since it does not require investing suobatatime and resources for doing
pavement maintenance analysis, but also the ogtraiz tool yields better results than
that of suggested by system dynamics approachoagnsin Chapter 6 of this thesis.
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CHAPTER 8

8. FUTURE RESEARCH

Optimization models 1.1, 1.2, 1.4 and 1.5 presetited far do not consider the pavement
performance targets as constraints, resulting gatiee deviations between the actual
pavement performance and the pavement performangets$ set by Virginia Department
of Transportation. Hence, a mechanism, as modelsepted within this research, must
be developed to measure the efficiency of buddetation pattern so that efficiency of
being effective in budget allocation process canlétermined (Krueger and de la Garza,
2008). Components of a mechanism, required for oregs the efficiency of being
effective, discussed and presented in the followgiagtion of this document.

Measuring the Efficiency of Budget Allocation Proces- Cost/Benefit Ratio

The following components must be considered in fitecess of developing a
mechanism, which measures the “efficiency of beafigctive” in budget allocation

process (Krueger and de la Garza, 2008).

Level of Service Index (LOS)
Weighted Level of Service Index

Available Annual Maintenance Budget

0N PE

The Objective Function

LOS (Level of Service Index)

The level of service index (LOS index) can be fotmugh using i and G, explained
below. Based on the positive/negative differencieveen these two values, LOS index
can be determined.

= Number of lane-miles in each condition state ateth@ of each period, g\l is not
known so these are decision variables as always.
= Number of lane-miles required in each conditioriesta the end of each period,

Gy, is set by Virginia Department of Transportatiom & known.

117



Furthermore, Krueger and de la Garza (2008) defae®S index in a scale that ranges
from O to 2. When the number of lane-miles in aithie5 condition states is at its target
level, its LOS Index is 1. For Excellent and Goahdition, when the number of lane-
miles goes above the targets set, then the LO Igo®vs from 1 to 2. For Fair, Poor
and Very Poor condition, when the number of laneesngoes below the targets set, then
the LOS Index grows from 1 to 2. LOS index numbean be found through a
mechanism, namelkffectiveness Curvesdesigned in Microsoft Excel, which has been
developed by Krueger and de la Garza (2008). Theharesm developed assigns each
condition state LOS index numbers based on theahgierformance and the targeted
performance. The performance mentioned hereinpgeesented in terms of lane-miles.
Thus, users need to enter only the actual and tetgeumber of lane-miles in each
condition state. The difference between these twmbers determines the LOS index

pertaining to each condition state.
Weighted Level of Service Index

This index is defined in terms of Level of Servicglex (LOS Index) which measures
how far a given condition state is from its speifitarget (Krueger and de la Garza,
2008). Weighted level of Service index can be fothmdugh multiplying LOS index for
each condition state in a given year by the nunobdésne-miles in each state in a given
year and divide the result by the total lane-mitethe network:

() * Ng +1,(1) * Ny +135(1) * Ng +1,(i) * Ny +1,(i) * Ny

>SN,

kOS iO0P

WeightedL@indexi) = ls

Where,

I.(i) is the effectiveness (Level of Service) index fbe number of lane-miles in

excellent condition at yearilLIP

N,; is the number of lane-miles in condition st the end of year kLIS, LIP
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Available Annual Maintenance Budget

Another component of this problem is Annual Mairstiece BudgetB;. Moreover, there
is no rollover if the available annual maintenamhcelget for a given year is not spent
completely, thus leaving unspent money. In the edsere there is unspent money for a
given period, this money disappears next yearetbes this must be penalized. The gap
between the available annual maintenance budgethanactual yearly expenditures will
adversely impact the cost/benefit ratio which Wik the objective function of this

problem.
Objective Function

The objective function of the problem is to minimithe Cost/ Benefit Ratio which is

defined as “efficiency of being effective” (Kruegand de la Garza, 2008).

TotalExpewuitureq(i) 9 B

WeightedL&IndexXi) TotalExpewdlituregi)

Cost/ Benefi(i) =

Objective FunctionMin)_Cost/ Benefii)
ioP

The objective function defined above is more compllean the objective functions
presented within this document since Weighted L@8exX is in the second order
polynomial form. Thus, more detailed investigatisrrequired to address this problem.
Therefore, it is of paramount importance to devedopew optimization tool, which is
capable of solving the objective function abovertik@rmore, depending on the nature of
the objective function, linearization can also beeistigated. Linearization of non-linear
functions can be useful since some optimizationisiosuch as the network level
optimization tool developed within this researclancanalyze and solve only linear

systems.
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Finally, present value of the actual expenditurestgining to each model presented
herein can be calculated and compared in termstaghacost incurred over 15 years of
maintenance. Present value is the value of futMpemditure discounted to reflect the
time value of money (Wikipedia, 2008). In other d®yrpresent value reflects how much
a dollar today is worth in 15 years. Hence, congmarisuggested here could result in
more accurate cost analysis as inflation rate ascbdnt rate are considered in present

value calculations for 15 years of maintenance edjperes.
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APPENDIX A

Creating a New Model in Excel Premium Solver
Excel Premium Solver is a powerful tool that isalalp of solving optimization problems

with hundreds of variables and constraints. It gorkth the same logic as Excel Solver
add-in that Microsoft Excel contains. However, BX¥éeemium Solver is more powerful
and more user-friendly than default excel solvex-ed Thus, Excel Premium Solver is
more suitable for the network-level pavement maiatee programming optimization
problem in that it involves more variables thanedadlt excel solver add-in can solve.
Therefore, Excel Premium Solver has been used dititéée this research and results

obtained have been presented.

Furthermore, the problem of network-level optimiaat for pavement maintenance

programming consists of 3 major elements:

1. The Objective Function: The objective function defined in a network-level
optimization model reflects what the decision-madiens to attain

2. Decision Variables: The decision-maker strives for determining the gabf
decision variables, e.g. fraction of budget to becated to each renewal activity

at a given year

3. Constraints: Every optimization problem is subject to constrainPavement
performance targets set by Virginia Department @n$portation (VDOT) and
available highway maintenance budget are examplesnstraints.

Network-Level optimization models can be designad alements noted above can be
defined in Excel Premium Solver. Hence, Appendixgies insight as to how the
network-level optimization model presented here lteen created. Thus, a visual tool, a
movie, has been developed to aid users in usingeéh&ork-level optimization models
and Excel Premium Solver. Following pages will gnaere insight about the excel sheets
.where the models are presented, and how usersdetame the objective function,

decision variables and constraints pertaining éopiftoblem in Excel Premium Solver.

Introduction to Excel Sheets
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1. Annual Maintenance Budget: This excel sheet contains two tables:
a. Budget Amount
b. Budget Multiplier

Users should only enter the budget amount pertgitaryear 1, which corresponds to
cell D8 in this sheet. Furthermore, budget multipliers detee how much money

will be available to spend at each year startimgnfryear 2 since budget multipliers
pertaining to each period are multiplied by firstay's budget. Therefore, the budget
multiplier pertaining to year 1 is always 1, whileers manually enter the budget

multipliers which belong to years between 2 and 15.

The process explained above is of paramount impoetan that each year’s
maintenance budget computed here is an input imtia model. Users can see how

this process materializes by watching the moviate exclusively for this research.
2. Unit Price Calculation: This excel sheet contains three tables:

a. Unit price of each material comprising 9 renewdivittes

b. Co-efficient numbers

c. The tables computing unit cost of each renewaVviyti

Users should only enter the unit prices pertainmngach material, which correspond to
the cells betweeB2:D15. The unit cost of each renewal activity is computased on
the values entered by the user manually and isedaaver to the excel sheetfiit

Cost of Each Treatment”, which is explained next.

3. Unit Cost of Each Treatment: This excel sheet contains only one table which
presents the unit cost of each treatment in eadodyéor 15 years. It must be
noted that fixed inflation rate is considered ie ttalculations. Users can change

inflation rate as needed.
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4. Deterioration Rates: This excel sheet contains only one table whicls lise
deterioration rates pertaining to each conditiatestUsers do not need to change

any value in this table.

5. Baseline Condition: This excel sheet contains only one table whicls ltbie
number of lane-miles in each condition state abénginning of the analysis — that
is year 0. Users can change the number of lanesrmleeach condition state as

needed if sensitivity analyses are to be performed.

6. Performance Targets: This excel sheet contains only one table listing th
performance targets aimed in each year in termar&-miles in each condition
state. User can change the performance targetsinpag to each condition state

in each period as needed.

6 excel sheets explained thus far provide inpute the network-level optimization
models developed within this research. Thus, thear&-level optimization of pavement
maintenance programming can be performed by usimtp shputs in excel premium
solver. Hence, users need to define the objectivection, decision variables and
constraints pertaining to each model by using eyxycemium solver. This process is
explained in detail in the following sections ofsttdiocument. Users should also watch
the video provided with this research in order ¢e fiow one can define the objective
function, decision variables and constraints ingkeel premium software. Subsequently,
users can solve the problem and see the outpgtstables and charts, pertaining to the

model created.
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Defining the Objective Function in Excel Premium Stver

Users should follow the steps below in order targef new objective function in excel

premium solver. Furthermore, watching the videovled with this research document

would be helpful and facilitate the process siguaifitly.

1.

Open the excel filéThesis Work Demonstration”
Go to the tab Model 1.1’

Click on D7 and define the objective function. The objectivadiion is always
either to minimize or maximize sum of the variableslue of which the model is

set to determine.

After defining the objective function, go taréols’ menu in Microsoft Excel
2003 —Add-ins in Microsoft Excel 2007. It must be noted that thstructions
given here apply to Microsoft 2003.

Select ‘Excel Premium Solvef

Select ‘Start Using Premium Solvef in the window that opens

. Select Objective’ text

Click “Add”

Select the cell where your objective function isat@d-D7 is in the video created

within this research.

10.Select Min” or “Max” depending on the problem objective — that is ezith

maximizing or minimizing the value of the objectifeanction.

11.Select ‘'OK” and this concludes the process of defining thedaitve function.

2 Decision variables are always the amount of maiiegated to each renewal activity at each periudi a
number of lane-miles in each condition state ahgmgiod. These variables are locate®iandl column
starting from cell 13 to cell 153. The video praaddwith this thesis work will aid users in locatitigese
variables
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Adding Variables in Excel Premium Solver

Users should follow the steps below in order to addables in Excel Premium Solver.

There are two types of variables.

= Budget Variables: These variables correspond to the amount of money

allocated to each renewal activity at each period.

= Pavement Performance Variables: These variables correspond to the

number of lane-miles in each condition state aktie of each period.

Furthermore, it should be noted that watching tidew provided with this research

document would be helpful and facilitate the precgignificantly.
Adding Budget Variables

1. Presuming that Excel Premium Solver window is sigen, selectDecision

Variables” text
2. Click on “Add” button

3. Select the cells betweddl3: D21 in the “add variables window’ that opens
after selecting add button. These cells pertainth® amount of money
allocated to each activity in year 1. Thus, the etodll determine the value

of these variables after the optimization problsrealved
4. Click “OK”

The process explained above should be replicatedach year- that is until year 15.
The last cell range to be selectedDi$43 D151, which corresponds to the budget

variables pertaining to year 15.
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Adding Pavement Performance Variables

1. Presuming that Excel Premium Solver window is sigen, selectDecision

Variables” text
2. Click on “Add” button

3. Select the cells betwedh3: 117 in the “add variables window' that opens
after selecting add button. These cells pertaithéonumber of lane-miles in
each condition state at the end of period 1. Tthesmodel will determine the

value of these variables after the optimizatiorbpegm is solved

4. Click “OK”

The process explained above should be replicatedath year- that is until year 15.
The last cell range to be selectedli43: D147, which corresponds to the pavement

performance variables pertaining to year 15.
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Adding Constraints in Excel Premium Solver

Users should follow the steps below in order to ealdstraints in Excel Premium Solver.

There are 4 types of constraints:

= Performance Constraints: These constraints correspond to the performance
goals- that is how many lane-miles must be in &ifipecondition state at the
end of each period, which are set by Virginia Dapant of Transportation.

= Budget Constraints: These constraints correspond to the upper limit of
annual highway maintenance budget available in gaciod- that is the sum
of the amount of money spent on each renewal &¢iivieach period must be

less than or equal to what is available in eacloger

= Lane-Mile Constraints: These constraints result from the fact that the
balance between upstream and downstream transfiemefmiles — that is
moving up or down from one condition state to arottondition state, must
be established. The details of this constraint tgoebe found in Sectich5.4

of this document.

= Total Lane-Mile Constraints: These constraints result from the fact that the
sum of the number of lane-miles in each conditiatesmust be equal to 500,
which is the total number of lane-miles in the roatiwork at the beginning of

the analysis.

Furthermore, it should be noted that watching tidew provided with this research

document would be helpful and facilitate the precggnificantly.
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Adding Performance Constraints

1. Presuming that Excel Premium Solver window is stilpen, select

“Constraints” text
2. Click on “Add” button

3. Select the cells betwee13: N17 in the “add constraint window’ that
opens after selecting add button. These cells ipaxdahe difference between
the performance targets set by Virginia Departm&nfransportation and
actual lane-miles that will be obtained after thedel is run. More detail

about this constraint can be foundSaction 4.5.4of this document.
4. Select ' <”
5. Select the cells betweén 3 O17
6. Click “OK”

The process explained above should be replicatedath year- that is until year 15,

if performance constraints are to be exercised.
Adding Budget Constraints

1. Presuming that Excel Premium Solver window is stlpen, select

“Constraints” text
2. Click on “Add” button

3. Select the celR13in the “add constraint window” that opens after selecting
add button. This cell pertains to the budget speryear 1. The value of this

cell will be obtained after the model is run.
4. Select<”
5. Select the celR13

6. Click “OK”
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The process explained above should be replicatedach year- that is until year 15,

if budget constraints are to be exercised.
Adding Lane-Mile Constraints

1. Presuming that Excel Premium Solver window is stlpen, select

“Constraints” text
2. Click on “Add” button

3. Select the cells betwedrl3:T17 in the “add constraint window’ that opens
after selecting add button. The value of this @éll be obtained after the

model is run and must be “0”.
4. Select “="
5. Select the celU13:U17
6. Click “OK”
The process explained above should be replicateghich year- that is until year 15.
Adding Budget Constraints

1. Presuming that Excel Premium Solver window is stipen, select

“Constraints” text
2. Click on “Add” button

3. Select the cel¥18 in the “add constraint window’ that opens after selecting
add button. This cell pertains to the sum of theedailes in that year. The
value of this cell will be obtained after the modetun and must be “500”.

4. Select “="
5. Select the celr18

6. Click “OK”
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The process explained above should be replicateghbich year- that is until year 15.

The objective function, decision variables and t@msts have been defined in Excel
Premium Solver thus far. Subsequently, sel&tafidard LP SimplexX from the drop-
down menu, and then click o®6lve’ in order to see if a feasible solution to thelpem
exists. Moreover, if there is a feasible solutian the problem, tables and charts

pertaining to the model are created automaticallyé following excel sheets.
1. Tables: This excel sheet contains the tables listed below
0 Budget Allocated to Each Renewal Activity
o Fraction of Maintenance Budget to Renewal Actigitie
0 Actual Lane-Miles in each Condition State

Values that tables above contain are used as impuisder to create trend analysis
and budget allocation charts

2. Trend Analysis: This excel sheet contains the following charts”
o Trend analysis for lane-miles in very poor condfitio
o Trend analysis for lane-miles in poor condition
o Trend analysis for lane-miles in fair condition
o Trend analysis for lane-miles in good condition
o Trend analysis for lane-miles in excellent conditio
3. Budget Allocation: This excel sheet contains the following charts:
o Budget Allocation Pattern

o Budget Spent Vs. Available Budget
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