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ABSTRACT

Asphaltis one of the most critical commaoditites the Americannfrastructure. Iis used as a
paving material othe majority of théJ.S.roadways. The National Asphalt Paving AssociafidAPA)
estimates that about 94 percefhtll paved roads in thd.S. are surfaced with asphgNAPA 2018)

The relevance of thigaving material is not different in the state of Alabama, whéseanhterial is used

in about 98 percemf the paved road®APA 2016) It has resulted ithe purchase dflot Mix Asphalt

(HMA) consuming over 40 perceaf the Alabama Department of Tramsfation (ALDOT) annual

construction budget, becoming an item that requires spatt@dtionduring resource allocation and

cost estimating procedure3.herefore any i mprovement s i n ALDOT®G6 s
procedures is expected to be reflected itelbdudget controhnd a mor e ef fective u
l'i mited avail abl e r es ourhaedeomeincieasingly scareeviegantt ab |l e |
decades while there isnancreasing demand fotransportation infrastructure rehabilitation and
improvements. This ishat motivated the research presented in this thesis.

To improve the effectiveness of A lteBe@arthd s HMA
proposes a thredimensional HMA cost estimating system based on historical bid data from previous
projects awarded by ALDOT. Thisystem was the result of the assessment of five factors and the
modeling of their impacts on HMA prices in Alabama. The five factorslangroject scale, 2) time, 3)
geographic location, 4) estimating uncertainty, ande8gl of competition. The first three facsor
correspond to the Athree di mensi ons 0 bydésigtinge syst
the system to generastochastitHMA cost estimates in lieu of the traditional deterministic estimates.

The impact of level of competition on HMA prices was evaluatethis study but no signifcant
variations on this factawere found across tlsate, sahis factor was not incorporated into the proposed

cost estimating system.



The proposed HMA cost estating system was developed, and its effectiveness demonstrated,
through its application to a case study item agdg historical bid data from 3,66drojects awarded
by ALDOT between 2006 and016 The system integrates a number of elements and cuiaetit
proceduresncluding nonlinear regressiora construction cost indexing system (CCIS), a location cost
index (LCI),and thestochastic analysis of the expected performance of the system.

Finally, the effectiveness of the system is demonstrated asignovative Moving/Nindow
Cross Validation (MWCYV) approach and via statistical testing to assess the level of significance of the
estimating improvement offered by each of the three dimensions. The results of the validation process
revealed that each demsion would significantly improve cost estimating effectiveness for the case

study item, with an overall improvement of 47.7% and 43.6% in accuracy and reliability, respectively.
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CHAPTER ONE:
INTRODUCTION

Historical records show that asphalt was first introduced into the paving industry in Europe in
1838, and it was not until 30 years later that this practice was first used initesl States (U.S.)
(Holley 2003) Since then, and after almost 150 years of history iVtBe asphalt paving has become
a mature method and a key player in setonomiogrowth and development. Asphalt is currently the
most popular form of road Hacing in thelU.S.with about 94 percemtf all pavedroads and highways
surfaced with asphalt (NAPA 20)8The National Asphalt Pavement Association (NAPA) estimates
that thereare around 3,500 asphalt plants across the country, producing about 400tariliohasphalt
every yearworth over $30 billion. Likewise, the asphalt paving industry supports more than 400,000
jobs in the asphalt production, aggregate productionf@adtonstruction sectors (NAPA 2018

A review of the existing literature on paving materials revealed two main reasons that motivate
the use of asphalt in paving projects. First, asphalt is considered to beeffexiste material due to
its abilityto be rejuvenated and reused. AAsphal't pave.]
About 100 million tons of asphalt pavement is reclaimed each year, and over 95 percent of that total is
reused or recycledo (APA 20 althaved).S.taxpayess alost$li.8mat e d
billion per year (in 2010 dollars) (APA 2010). The second reason is that asphalt pavements provide a
smootherridein comparison with other paving materials (Nicholls, McHale and Griffiths 2008; Marks
2009) . dthensmapiner & paweinent is built, the smoother it stays over time, resulting in lower
maintenancecostand more comfort and safety for the trav:
The NCHRP ProjectiB1 (Smth et al. 1997) found that a 50 pantmcrease irsmoothness could lead
to a 15 percerihcrease in pavement life.

Every year, state transportation agencies (STAs) spend billions of dollars to maintain, repair,
and expand th&.S. highway network; and most of those funds are investedsphalt and asphalt
paving activitiegRueda2016) Thus, the ability of STAs to effectively estimate costs for asphalt related
activitiesis critical for planning and resouredocationpurposes. The study presented in this thesis is

intended to suppothe efforts of the Alabama Department of Transportation (ALDOT) to improve
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construction cost estimating. This thesis proposes a stochastiriyata methodology to estimate unit
prices for Hot Mix Asphalt (HMA) using bid data from all previous projegtarded by ALDOTduring
the previous two years. This methodology useslimaar regressiongost indexing techniquesnd
other data processingethodgo factor three key variables (hereby referred tdiamnsionkinto the
cost estimatingprocess. Thess variablesare: project scale, time, arldcation. A fourth factor,
estimating uncertaintyyas considered by designing the system to generate stochastic HMA prices in
lieu of the traditional deterministic estimat@&$.e development of thproposedysten wasillustrated
through its application to a case study item and using historataldba provided by ALDOT for 3,661
projects awarded between 2006 and 2016. The systersugasssfully validted using an innovative
Moving-Window Cross Validation (MWCVapproachand statistical significance testing techniques
The validation process was systematically applied to demonstrate how estieféticiiyenesss

improved by each of the three dimensions.

1.1 Motivation Background

1.1.1 Hot Mix Asphalt in the Stateof Alabama

ARoadways form the backbone of Al abamads e
transferring goods and services to market, and connecting residents and visitors to recreational and
touri st destinationso ( ASCE r 0DAG niles off guldic reatlsat e o f
including 11,000 miles maintada by ALDOT (ASCE 2015). Approximately 98 percaritall paved
roads in Alabama are surfaced with aspffaPA 2016) Asphalt paving is the most common type of
work done by ALDOT. On averagthe annual amount paid by ALDOT for HMA between 2012 and
2016 corresponds taver 40 percenbf its annual construction budget. This percentegjers to
isupavelsi t umi nous concrete base, bi nder, and wear.i
of ALDOT 2018 Standard Specifications for Highway Constructions (ALDOT 2848)a hot or war
bituminous plant mixed pavement | ayHMAumtpriaee ed on

are calculatedin this studyon a tonnage basendincludedi & inaterials, procurement, handling,



hauling, and processing cost, and includes all equipment, tools, labor, and incidentals required to

complete the worko (ALDOT 2018).

1.1.2 Importance of Effective Construction Cost Estimating

In project management, aprojecs def i ned as a Atemporary end:¢
uni que product, service, or resulto (PMI 2013) ,
of different types of resources (i.eapney, time, materials, and labor/equipment hpolwsder his
definition, cost estimating is the process to predict the approximate amount of neguoéed to
complete a project. The finamountdepends on the required quantities for the other resourcdsgerHig
costs are expected from largprojects that requoe a significant consumption of materials and
labor/equipment hours. Cost estimating processes are used in all industries and businesses, not only on
construction projects. Howevamlike other industriesa singleconstructiorowner or contractor may
neal to manage a highly diversified project portfolio in terms of pregpeetific scopes, designs, and
requirements. Each construction project is characterized by a unique combination of several factors,
including project objectives, deliverables, locatienyironmental requirements, technical complexity,
etc. This uniqueness, and the fact that it is virtually impossible to accurately quantify the impact of all
these factors on a project, makes construction cost estimating a particularly challenging process.

From an evner's perspective, cost estimates are commonly used to define the project scope, to
determine whether or not a project should proceed, and to allocate the required funds for its completion
(AASHTO 2013) On the other hand, a construction caotoruses coststimatsto assess its financial
capacity to undertake a given project and to prepare the béohfawner. In both cases, cost estimates
arebasicallyused for risk assessment purposes, to support business decisions, and to maximsze retur
from project portfolios. Therefore, effective cost estimattiogld betranslated into more effective
decisionmaking and greater returns for n&rs or contractors (Fakultesi afedynep 2004Arafa and
Algedra 2011; Byrnes 2002).

The selection of projésfor funding is becoming even more challenging for STAs due to the
increasing gap between available resources and those actually required to maintain the national

transportation infrastructure in optimal conditions. This situation is demanding morteveffesource
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allocation and cost estimating practices by transportation public owners. The 2013 Report Card for
Americads I nfrastructur eU.§ PoSdyEof GV Engiheers (ASCE), i s hed
estimates hat 0 3&@f pAmereind ads are impopr@mrmedioore condition, costing U.S.

mot orists more than $67 billion a year [ é] in act
has found that about $170 billion should be invested annually to improve the current conditions and
performance of all roads and bridges across the country by 2028. However, only $91idtieing

currently assigned for this purpose (ASCE 2013). The evident growth in this gap during the last two
decades led to the enactment of the Moving Ahead for €segn the 21st Century Act (MARL),

through which the federal government allocated over $105 billion to surface transportation programs
(U.S.Congress 2012l oensur e t he best value for taxpayers?®d
of traditional déerministic cost estimating practices, M&R also requiresSTAs to develop and

implement better cost estimating and risk control strategigs Congress 20125s those presentau

this thesis.

1.1.3 Challenges of Cost Estimating

There are severahtemal and externafactors affecting the accuracy of construction cost
estimates and it is virtually impossible to identifyatlthem as well as to exactly quantify their impact
on estimating accuracy. TR effective cost estimating shiol not be conditined to a 100 percent
accuracy since thatwould be unrealistic. In this study, effective cost estimating is defined as the
capacity of STAs to maximize estimatiagcuracy and reliabilityAccuracy refers to theelel of
validity of the system. Basamh Golafshani (2003)thedefinition for validity isthe degree to which the
systentruly measured what it is intended to measure, which is usually assessed with measures of central
tendency such as mean, median, and mode values. In this study, the levatatyam a given HMA
price estimate is determined by the absolute percentage error (APE), using Equatiohilé the
overall accuracy of the system is determibgdveraging the APEs of all projects on which the system
was applied during the validatigorocess. This is called the mean absolute percentage error (MAPE)
and is calculated as shown in Equatls2. MAPE values are commonly used to measimecompare

accuracy betweeeost estimating models (Gardner 2015).

4



500 *—° pnnb Eq 1l

DOUVO —— pnmnb Eql2

Where:APE = Absolute Percentage Error
MAPE = Mean Absolute Percentage Error
0 = Actual unit price for HMA in projecit
'O = Estimated unit price for HMA in project i

n = Number of projects using HMA during period under consideration for validation

On the other hand, estimating reliability refers to the degree of consistency in the outputs of
guantitative model§Golafshani 2003). Under the context of this study, and using the terms introduced
in the previous paragraph, reliability is the degree to which the proposed cost estimating system
consistently yield similar APEs every time that it is used. Thus, retialdlimeasured in this thesis
using variance and standard deviation values, which indicate the level of dispersion of the APEs
produced by the system.

As will be discusedlater in Section 2.2, the conceptfacciracpa nd fAr el reltlve | i t y o
tothe type of estimatand project phase in which is it produc®¢hile conceptual estimates performed
early in the planning phase of construction projects are expected to have an accuracy-be%veen
+200%, detailed estimates at design completion tenide significantly more accurate with errors
ranging betweer5% and +10%AASHTO 2013). It must be noted that the HMA cost estimating
approach presented in this thesisntended to be applied at design completion or as sodheas
expected amount obphdt (in tons)to be used in the projebecomes available

The main challenge faced by STAs in their efforts to produce effective cost estamates
associated witheir capacity to identify, understand, and model the impact of the maimfiashcing
factors on transportation construction projects. Therefore, one of the first steps in this study was to
conduct a literature search to identify the main factdrsctihg theeffectivenesf cost estimating

practices in th&ransportatiortonstructionmdustry. Project scale, timgeographidocation,estimating



uncertainty and level of competition have beigientified by the ASCE as thmajor costinfluencing

factors. The first three factors have been directly incorponatedhe proposed methodolp@¢he three
modeldimension}, while theuncertaintyfactor is included in the methodologythe form of stochastic
estimatesas a byproduct of thealidation process.ifally, the level of competitiofactorwasassessed
in this study, bunhot considere in thesystem becaushe assessmentvedled thatthis factor is not
substantiallyimpacing HMA bid prices in the state of Alabama. Eachtleé five costdriven factors

aredescribedelow.

1.1.3.1Scale

Project scale refers to the size of the project, igcexpected to be reflected in the project
budget, schedule, physical dimensions, and overall consumption of res(@@dexk 2004) The
amount of HMA to be placed on a given paving project is a great indicator of the project sizayand m
also provide ajood idea of the expected project cost. lugsially assumethat larger projects have
higher cost. However, the relationship between these two parameters is not linear. To better understand
the relationship between project scaled @ost, it is necessarto talk about economies of scale
(Akintoye 2000)

AfEconomies of scale refers to a reduction in
In other words, the higher the quantities of wadlle lower the unit priceZhangand Sun2007;
Akintoye 2000). Figure .1 uses HMA unit pricesfér case study itejrreceived by ALDOT between
2012and 2016 to illustrate the concept of economies of scales and lopaittsunit prices for this
commodity. As shown ithisfigure, the quantityinit price reationship for HMA can be modeled using
nortlinear regression techniquebhatis actually how this study incorporates project scale into the
proposed thredimensional estimatingystem, with scale beintpe first of the three dimensions. A
detailed descption of the norinear regression models developed in this study is presented in Chapter

3 of this thesis.
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1.1.3.2Time

The ability to track changes in tkenstruction market over time is one of the main challenges
faced ly STA estimators (Shanet al.2009). The total cost of a given project today is not expected to
be equal to the cost of the same project one year ago or next year. Fluctuations oftmongtioes
may occur due tanilationary trends at industry, or commodigrel changes in demand conditions of
labor and materials, changes in interest rates, or seasonal effects (Xu and Moon 20Aiadgand
Wang2007). In the context of this stydhe time dimension refers to the fact that HMA prices change
over time. It does not refer to the expected project duration. Even though the author recognizes that the
duration of a project has some impact on its cost, it is assumed that project digraticectly
proportional to project scale. Therefortegan be said that this factor, project duratloas already been
accounted for in the project scale dimension.

The existing literature on construction cost estimating includes several examplesaida
cost estimating modelssing known prices from previous projects to estimate current or future prices.
However,a question that has not been answered yaovéema ny year s 6 Idoklmdckor i c al
period shouldbe usedn bid-based estimatindgrhere isa misconception that larger datasets always
produce better datdrive models, so the larger the leblck period the better. That could be true in

many other contexts, but this is not always a valid assumpialetermine the length @fok-badk



periods for data retrieval irconstruction cost estimatinghe lookback period should be long enough
to include sufficient data to model price fluctuation trends, but not too long, soldhat @nd now
irrelevant)trendsdo notaffect estimating accacy.

The use of historical data to estimate current prices, and the fact that construction prices
fluctuate over time, poses another issue: a-dat@n modelbased orpast data might effectively
estimate prices for projects in the past, might not be effectivefor current projects (old data = old
estimates, even for a short leblick period). To address this issue, and to incorporate the time
dimension into the estimating process, this thesis relays on the results of a parallel study conducted by
Palalapati (2018). In this concurrent study, Pakalapati proposed a methodology to deterimiaé opt
look-back period for specific cost itens or commoditiesas well as a Construction Cost Index
System(CCIS) to adjust the old estimates produced with histoc a | dat a. Pakisl apat.
usedin this thesido determine the amount of previous data required to create-lineanregression
model similar to the one shown in Figurd. Then, the HMA unit price obtained from the model is
brought into pesent dollars using the C&tleveloped by Pakalapaficcording to Pakalapati, a two
year lookback period and the use of a quarterly CCIS would maximize estimating@cturthe case

study item

1.1.3.3Location

Different geographic locations bring differestiallenges and project requirements. Therefore,
different prices could be expected for the same type of work or commaodity on different locations. Price
variability across the country, or even at the state level, demanchultiple factors including: lota
climate and geological conditions; availability of qualified local labor, suppliers, and subcontractors;
and local applicable regulations (Akanni, Oke, and Akpomiemie 2015; Caad/&ui2003; Kaming
et al. 1997). Traffic characteristics at the jobaite also a key factor to be considered when estimating
costs for transportation construction projects since those dictate the strictness or laxity of traffic control

requirementsncreasing or reducing construction costs



The location dimension has beerdesbsed in this study by developing a HMécation Cost
Index(LCI). This index was developday dividing the state of Alabama into thrdiferent regions

north, central, and soutlihe process to develop th€l is described in Chaptersd this thesis

1.1.3.4Uncertainty

Traditional deterministic cost estimating practices have shown to have a limited capacity to
cope with the current needs of the transportation construction industry. They fail to objectively account
for the unavoidable and increasing unaity associated with the development of cost estimates. In an
attempt to quantify this uncertainty, some STAs have already developed and implementki/etata
systems to produce stochastic cost estimartea perproject basisalso called riskbased stimates.

These agencies include tBdAsin Florida, Colorado, Washington State, Nevada, New Jersey, and
TexasA risk-based cost estimaitearange of possible values of final project costs with their probability
of occurrencd ASCE 2013) These are pbability distribution functions that allow agencies to make
betterestimating decisions based on specific confidence levels.

Figure 1.2(a) shows an example of a ridlased estimate for a given project. Using the
probability distribution from Figurd.2 (b), an agency could decide to set a base cost estimate of
$51,600 for this project plus a contingency of $8,400 ($59,:$93 1, 562 & $8, 400) i f
level is desired. It means that the agency would be 75% confident of having enough funds étecompl
the project. The base cost estimate in this example corresponds to the 50% confidence level. The budget
contingencyis intended to account for the uncertainty associated with unit price estimating errors,
changes in quantities of work, and other véwiad in project costs due to potential change orders issued
by the agency. Riskased estimates provide STAs with the flexibility of establishing risk tolerance

levels based on the specifics of each project.
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Figure 12: RiskBasedCost Estimatei Example
Uncertainty is also a factor considered in the proposed cost estimating methodology; however,
unlike the three dimensions mentioned abf@xe scale, time, and location), uncertainty is not an input
to the estimatingystem It is actually the main output of thvalidation processAs explained in more
detail in Chapter 3, a probability distribution, similar to the one shown in FigRi@®), is developed
using thedeterministic HMA unit price, which isstimated with the nelinear regression function and
adjusted for time and locatiofihe distribution ofpercentagerrorsis obtained duringhe validation

process.

1.1.3.5Level of Conpetition

AnThe | arger the number of competitors, the
|l ower the bid wildl bed (Ye, Shen, and Lu 2014;
a large number of contractors on a bidding proteExpected to increase the level of competition
perceived by contractors, forcing them to reduce their profits to ensure the submission of competitive
price proposal¢Dikmen, Birgonul, and GuR007) The Federal Highway Administration (FHWA)
requires to the maximum extent possiblthe use of competitive procurement processes by STAs
(Delaney and Mohan 2016)\n gppropriatdevel of competition ishe one that woullring reasonably

low construction prices without affecting the quality of the final potgl his thesidasalso assessed

the i mpact of the Al evel sinfthestatenopAdabamaoweverdhereact or
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areno significant variations on this factor were found across the Bhatefore jt was not considered

in the proposd cost estimatingystem

1.2 HMA Stochastic Three-Dimensional Cost Estimating System

Figure 1.3 is a simplified representation of the thrdamensional cost estimating system
proposed in this studylThe threedimensional systenby itself has only the gaacity to produce
deterministidHMA cost estimated.hestochastic capabiiitof thesystenmhasbeen introduced as shown
in Figure 1.4, which illustrates the process to déme and implement theroposed cost estimating
system fromthe construction of th¢hree dimensiasito thefinal useof the systenby STA estimators

to produce stochastic HMA cost estimates

Location

Time

Quantity
(Continuous)

Figure 13: ThreeDimensional Cost Estimating Modelr ALDOT.
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Figure 14: ThreeDimersional Cost Estimating ModeélDevelopment and Implementation
The system development process shovthe top of Figure 1.4 starts by indicating the primary
elements used to model each of the dimensiombuild the scale dimension it is required to knihe
optimal lookback period, as well abe type of noflinear regression to be used to model the quantity
unit price relationship with the data comprised in the dbakk periodOn the other handhé CCIS

(previously developed by Pakalapati [2018]d &€l (developed in this study) are used to shape the

time and location dimensions, respectively.

Once the thredimensional cost estimating system has messembld, it is validated with the
MWCYV. This validation process allows for the application @& fystem to several previous projects
providing sufficientAPEs to determine the overall accuracy of the system (through the MAPE), as well
as the level of reliability (standard deviatiohAPES). All percentage errors, calculated with Equation

3 (not alsolute values)are used to creata probability distribution ofpercentageerrors. This
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distribution is then saved for future use during the actual implementation of the system to include the
uncertainty factor into the cost estimating process. It sHmilgbted that the errors in this distribution

are calculated as percentages of the estimated values, unlike APESs, which are percentages of the actual
values. It is due to the fact that the distribution of percentage errotensléed to indicate how factual

prices are from the estimated prices.
00 — pmnnb Eq 13

Where:PE = Percentage Error
0 = Actual unit price for HMA in project i

'O= Estimated unit prioce for HMA in project i

For example, if thestimated HMA unit price for a given project is $71/ton and the actual price
in project is $67/ton, the APE for this estimate, according to Equatignwvould be 6.0%, meaning
that the percentage difference with respect to the actual price is 6.0%trdtagant if it is greater or
lower since the APE is an absolute value, but, in this case, the estimated price is 6.0% greater than the
actual price. If the same percentage difference were calculated with respect to the estimated value, as
in the values e to create the distribution of percentage errors, it would.686, meaning that the
actual price is 5.6% lower than the estimated price.

As shown in Figure 1.4, the utilization of the proposed estimating system only requires three
inputs: 1) thequantity of HMA (in tons); 2) letting date; and 3) project locatieor the purposes of
this study, the letting date is assumed to be the current date since the proposed system is intended to be
used at design completion shortly before advertising thegird he letting date is used to define the
beginning and end of the loddack period, as well as to identify the base and current index values
required to adjust unit prices over time. On the other hand, the location input is a categorical variable
thatcan take on three possible values, based on the geographical location of the projecemoath
or south region.

Once the three inputs are entered into the tiensional cost estimating systetimey are

processed into a deterministic estimatethear expected unit price to be paid by ALDOT for the stated
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quantity of HMA, in the currentlate and in the specified location. Recognizing the unavoidable
uncertainty inherent in construction cost estirmgtee deterministic output of the system is riplied
by the distribution ofpercentageerrors that resulted from the validation of the system during its
development. The product of this multiplication is a stochastic estithataepresents all possible
HMA unit prices and their probability of occerrce in the project under consideration.

The processes described in this section are explained in more detail throughout this thesis, as
they are applied to the HMA pay item most comm
(hereinafter referred to dbe case study item) Superpave Bituminous Concrete Wearing Surface

~

Layer, 1/2" Maximum Aggregate Size Mix, ESAL Rangei@/D em | D 424A360. 0

1.3 Research Obijectives

The main objective of this study is to developllA stochastic cosestimating systemrhat
accounts fothe main factors influencinthhe estimating processhe cost influencing factorsitially
considered in thistudy areproject scale, time (inflationary effects and changes in the construction
market over time)geographic location, estating uncertainty, and level of competitide following
subobjectives have been identified as necessary steps to accomplish the main research objective:

1 Assess and model the relationship between each of thinflashcing factors and HMA
prices paidby ALDOT. This subobjective led to the development of the LCI and the
methodology to produce stochastic estimates out of a distributigeroéntagerrors.

1 Design and develop a system that integrates the ispaetl costinfluencing factordo
maximize accuracy andeliahlity in cost estimates for HMA in projects executed by
ALDOT.

1 Develop and implement a reliable research validation approach to demonstrate the
effectivenessof the proposed HMA cost estimating system. This@hilective led to the
development of the proposethovative MWCV methodology.

The objectives and stdibjectives outlined above were achieved following the research plan

presented in Chapter 3 Methodology, which can be summarized in the following seven tasks:
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1. Conduct an egnsive literature review on construction cost estimating.

2. Collect, clean, and explore ALDOT historical bid data from all projects awarded between
2006 and 2016.

3. Identify a relevant HMA case study item to demonstrate and validate the effectivethess of
proposed cost estimating system.

4. Identify and assess the main eo$luencing factors affecting HMA cost estimating
procedures, and model the relationship between these factors and HMA unit prices.

5. Develop a framework that integrates all tiegreents and quantitative methods used to model
the relationships established in Task 4.

6. Apply the proposed MWCYV approach to measure the performance of the proposed three
dimensional cost validation approach.

7. Analyze the results from the MWCV apprbaand formulate conclusions and

recommendations.

1.4 Expected Outcome

The proposed methodology not only increases accuracy in the estimation of costs associated
with the mostrelevantpaving material used by ALDOT, but also provid&sDOT with a better
undersanding of the main factors influencing cost estimating in asphalt paving projects. A better
understanding of these factors is expected to be reflected in better detddimy atdifferent
management | evels, as wel | aapabitities andresauroevakocaioh DOT 6 s
procedures. Moreover, a more effective and efficient use of the limited available resources would
improveALDOT6 s ¢ atp ledle thg financial challenges brought by the unavoidable increasing

funding gap that has beaffecting the transportation construction industry during théviasdecades.

1.5 Organization of Thesis

This thesis has beeativided into five chapters ian attempt to present the research efforts

associated with this study in a logical and organizethner.Following thisintroductory chapter
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Chapter Two- Literature Review summarizeghe existingliterature on cost estimating, including

previous studies, research reports, and industry manuals. Specifically, this chapter explains the cost
estimatig process across project development phases and describes the different cost estimating

approaches currently used by STAs, paying special attentionbabét and riskased cost estimating,

which are the primary concern of this the§ibapter Three Methodologydescribes the researplan
that led to the development of the HMA cost estimating methodology proposed in thisTdtady.
research plan is presented in detail, describing all research procedures and tools used to develop and

validate the stodstic threedimensional cost estimating methodolo@hapter Four - Results and

Discussion presentdhe main results of this study aadtritical analysis othese findingsChapter

Five - Conclusions _and Recommendationsummarizes the main conclusionndings, and

contributions to the body of knowledge made by this thesis. Finally, this chapter outlines some research

topics that should be considetedd t ake this studyds findings and
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CHAPTER TWO:
LITERATURE RE VIEW

2.1 Introduction

Cost estimating is critical at arprojectphase from conceptual design and planning to the
operation and maintenance of the built asSdte estimation of construction costs nimeya complex
process involving different types of chaltges. It seems that it was not until the +h#860s that tése
challenges started to be addressed inXtgthrough formal researckrom 1965 and onwards, there
has been aaxponentiaincrease in research conducted on how to devedtier and more efétive
cost estimating systesrat all project phas€$rost and Oberlender 20pEven thoughhere is a great
variety of project life cycle configurations®ngSTAs,a construction project can be represented, in a
simplified manner, as a sequence of tlyeeric phases: conceptual; engineering/design; and execution
phase (Phaobunjong 2002). Each phase poses different estimating challenges and requirements. With
growing information provided from the infancypoojectcompletion, the estimat@r understaridg of
the project increasess the project moves across development phalk®esging for better estimating
accuracyManfredonia 2016)Figure 2.1 shows the classification of construction cost estimates based

on the three generic project phases.

Project Phases —p Conceptual | —r| Engineering/ |—r Execution
Phase ¥ Design Phase i Phase
k4 k 4 1
Cost Estimates {‘um:‘::ptua] Detailed Cost Definitive
ost bstimates Cost e .
Estimating Cost

Estimating

Figure 21: Construction CosEstimating Phases
First, a conceptual cost estimate is developed on an early stage of project devel&noent
this is an early estimate, it is usually calculated with little information and withghalyodefined scope
of work; therefore, conceptual estimates are expected to be the most inaccurate among all the types of

estimates developed along the life cycle of construction prdjebtmbunjong 2002However, in cost
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estimating, the level of accurashould notalwaysbe considered as directly proportiotalthe value
of the estimates from a planning and management perspéddtivand Zhu 200Y. Regardless to the
high uncertainty inherent in conceptual estimatesy are highly necessary to deterenthe financial
viability of candidate projects, define feasible scopes of work, and to support other strategic business
decisions. These estimates are used to design project portfolios that match the financial capabilities of
both construction owners drcontractors, as well as tompare theost implications associatedth
different constructionmethods and mater&@l(Manfredonia 2016) The lack of projeespecific
information at such an early stage makes it hard for estimators to produce effeutietaal estimates
(Kim, An, and Kang2004); however, the existing literature provides a number of tools and
methodologies to aid STAs on this mattEragkakis et al2010; Asmaret al.2011; Juszczyk 2013;
Sonmez 2004; Phaobunjong 2002)

Second, a datled cost estimate is developed by the ehthe engineering/design phase at
completion of design worK: his estimate is based on a detailed defiga welldefined scope of work,
and with information onhe type of contract to be awardednstrudion methods and materials to be
used in the project, and schedule constraintsragdired milestones and deliverablesnong other
projectspecific characteristics. Due to the greater amount of project refdtethation available at
this phase, detailedost estimates are expected to be considerably more accurate than conceptual
estimategPhaobunjong 2002Vlanfredonia 2016 This is the last cost estimating attennpade by
ownersbefore awarding a contract. Itusedto verify if the intended projecs istill feasible antb make
any needed adjustments to the project budget (AASHTO 2013). These estimates are also intended to
serve as a point of reference during potential price negotiations with contradters$iMA cost
estimates tod developed with #systenproposed in this thesis fullithin this second category. The
stochastic thredimensional cost estimatirgystemis aimed to be applied at design completion or by
the er of the design phase aftestimating the amount of HMA (in tons) to be usedhe intended
project.

Finally, the execution phase beginsth the signature of the contracdthe definitive cost
estimate at this phase is the result of the price proposal submitted by the selected contractor and/or any
price negotiations held begeen the owner and the contractor before signing the contract. It is also
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referred to as the actual contracted price foomstruction projectThis estimates compared against
the detailed estimatpreviouslydevelopedoy the STA to determine ifurtherbudget adjustmentsre
required(Manfredonia 2016; Phaobunjong 200Zhe contracted price is usém payment purposes
andto monitor the financial status of the project throughout the construction peteodickson and
Au 1989.
After the conceptualstimate, all subsequeastimates are built using the cost estimabenf
the previous phase as the starting pfitendrickson and Au 1989Thus, each subsequent estimate
can be considered as a revised versiaime previous estimate, with the revisiatorringin the light
of the additional information that became available in between phases. It must be noted that all three

types of estimates described in setioe equally importarat their respective phases

2.2 Current Cost Estimating Approaches usd in Transportation Projects

This section discusses the four primary cost estimating approaches outlined in the Practical
Guide to Cost Estimating, published in 2013 by the American Association of State Highway
TransportationOfficials (AASHTO):. 1) parameic; 2) bid-based; 3) codbased; and 4) riskased
estimating. In this guidebook, each of thestimating approaches is associated with different project
development phasgas shown in Table 2. The four project development phases in Table 2.1
correspad to a more detaileghasedconfiguration of the conceptual and engineering/design phases
discussed in the previous section ahdwed above in Figure 2.1. This table also shows the level of
project maturity at each project development phase (as a @ageadtall the planning and design work
required to successfully award the contraas)well aghe most suitable cbgstimatingapproach at
each phase with its respective expected accuracy. Table 2.2 summarizes the main activities contained

within eachproject development phase.
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Table 21 Cost Estimating Classification (Adapted from AASHTO 2013)

Project Project Maturity Estimating
Development| (% project definition Estimating Approach A
ccuracy
Phase completed)
0%to 2% Parametric -50% to +200%
Planning P_arar_netric_ or Risk—I_Based
1% to 15% Historical Bid- (optional | -40% to +100%
Based combination
Scoping 10% to 30% Historical Bid with other | -30% to +50%
Design 30% to 90% Based or Cost approaches | -10% to +25%
Final Design 90% to 100% Based -5% to +10%
Table 22 Project Development Phases and Typical Activities (Adapted from AASHTO 2013)
Project
Development Typical Activities
Phase
Purpose and need; improvement or requiremerdiesy environmenta
Planning con_siderations;_ righof-way _c_o_nsiderations; _schematic devglc_)pm_(
project benefit/cost feasibility; public involvement/participati
interagency conditions.
Environmental analysis; alternative analysis; preferred alterrsgleetion;
Scoping public hearings; righof-way impact; environmental clearance; des
criteria and parameters; funding authorization (programming).
. Right-of-way development and acquisition; preliminary plans for geom
Design . ) . . . i : :
alignments; preliminary bridgayouts; surveys/utility locations/drainage
Plans, specifications, and estimate (PS&E) developinénal right-of-
Final Design way acquisi.tion; final pavement and pridge design; tr_affic (_:ontrol p
utility drawings; hydraulics studies/final drainagdesign; final cos
estimates.

As mentioned before, the greater the level of project development, the more accurate the cost

estimates. That explains the reduction in the estimating accuracy ranges in the last column of Table 2.1.

The riskbased estimatinis presented in the AASHTO guidebook as an optional version of the other
three approached he following section present a more detailed description of each of the four

estimating approaches.

2.2.1 ParametricEstimating

Parametric cost estimating techniques asually applied during early project development in

phase and at a conceptual l evel

the planning

support development of planning or early scoping phase estimates when minimal project definition is

available. Statistical relationships or rstatistical ratios, or both, between historical data and other
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project parameters are used to calculate the cost of various items of work (i.e., center lane miles or
sqguare foot of br i dgBeThaduseokparameti@ektinatihghnadelslfave sitge 1
as an alternative to the traditional (and almost discontinued by STAs)-esged approach, in which
conceptual cost estimates amdelythe result othe estimatals subjective opinions built fromprevious
construction experiencéPhaobunjong 2002T.hus, the expettbased approach may not appropriately
account for all the important factors influencing tiost estimating r ocess i f the esti ma
does nomatch the scope of the currgmbject.As a datedriven approachparametriccost estimating
method haveadded some needed objectivity to the development of conceptual estimates and has
proven to improve estimating accuracy during early project pli@isest and Oberlender 2003; Kwak
and Watson 2005).

Parametric estimating models are usually straightforward-frieadly models (Bajaj,
Gransberg, and Grenz 200Bowever,these models hawelimited capacity to handle the high levels
of cost uncertainty during early project developnm@mases. According to Harbuck (2002), the main
sources of uncertainty in construction cost estimating are 1) changes in the scope of work; 2) potential
design changes; 3) errors in the calculation of quantities of work and unit costs; and 4) unforeseen sit
conditions.When considering the nature of these four factors, it is easy to understand how difficult it
could be for a STA to quaiyi their potential impact orearly construction cost estimatéo be

developed only from a preliminary scope of work.

2.2.2 Historical Bid-Based Estimates

As shown in Table 1.2, historicaldsbasedcost estimates are used at all project development
phases. Likewise, this is recognized as the most commomstisiatingapproach currently used by
STAs, being used to some extdmgall STAs (Anderson et al. 2009; Schexnayder et al. 200®).
AASHTO guidebookdefineshid-b ased esti mating as an approach t
contracts as the basis for determining estimated unit prices for a future @rojdcA ASHT.@s 201 3)
per AASHTO guidelines, bithased estimates are usually developed with data from projects awarded
during the last one or two years, which also seems to be the policy adopted by AlL@Q&r look

back periods maype considered when the most recent twears of historical data do not provide
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sufficient relevant data. HoweneSTAs does not count withraechanism to make objectives decisions
on the length of loolback periods for bidhased estimating. The decision of whether to use one, two,
ormoreyears f data is mainly based on estimatorso sub

Besides the determination of optimal leloéick periods for data retrieval, another challenge
identified in this study with respect to the implementation ofidzided estimating technigussélated
to the estimation ofurrent prices usingistorical data. Historicalata may benore suitable to estimate
prices for past projestthan to estimate current prices, unless the estiraetesdjusted for observed
inflationary effects and priceuttuationgduring the lookback periodSince the methodology proposed
in this thesis is based on Hidsed estimating techniques, the author was required to find the way to
overcome these two major challenges (determinati@ptimal loeback periods angrice adjustment
for time effects). As mentioned before in Chapter 1, these two issues were adiirésisethesidy
using findings from a concurrent study conducted by Pakal&txit8].

One of thereasons why STAs prefer to use a-baksed approacbver other estimating
approachesis thathistorical bidbased estimatindoes not require an extensive amount of previous
experiencerom estimatorsincemost of the required experienceréplaced by trends and relevant
statistic parameterextracted fom the bid data This is an important observatia@onsideringthe
increasing retirement rates that STAs have been experiencing during the last decade, which are leaving

them with fewer, and overall, less experience staff.

2.2.3 CostBased Estimates

Costbagd estimates are composite estimates resulting from the aggregation of seven cost
elements: time, equipment, labor, subcontractor, material, overhead, and profit (AASHTOI12013).
comparison to bicbased cost estimating costbase approactdemands great estimating efforts to
apply quantitative procedures at a deeper level of detalb&ed techniques are frequently used to
support cosbasged estimates by providing pricks one or more of the seven elements mentioned above
(AASHTO 2013). Even thougSTAs tend to prefer the use of fiidsed cost estimating techniques, a
costbased approacthould be favored if the estimator perceives high seselincertainty in the bid

based estimates (AASHTO 2013).
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Although costbased estimates are more compled @quire greater estimating efforts, if well
developed, theyould facilitate better planning and design by forcing the project staff to better
understand the project, allowing for the timely identification of issues that otherwise would be
discovered dang construction. Problems found during construgtamd resulting fronpoor planning
and design errorsisually have a negative impact on projects in terms of increased costs or extended
project durations, or botl& better understanding of constructiprojects and timely identification of
design and constructability issues through the appropriate implementation -bfasedt estimating
techniques have allowed the Utah Department of Transportation to save about $11 million due to a

reduced number of chge orders issued during construction (Utah Construction & Design 2013).

2.2.4 Risk-Based Estimates

fi R i-bmded cost estimation entails developing probable cost for project components, and the
project, based on identified known quantities and costs and centingleveloped from a list of
identified uncertainties from both opportunitie:
(Shane et al. 2015). In a simpler definition provided by AASHTO (2013)%baskd estimating
basically refers to the cdrmation of risk analysis techniques with any of the estimating approaches
presented above to convert the typical deterministic outputs of those approaches into stochastic cost
estimates in the form of pr ob a bstablishthe radge eftorali b ut i c
project cost and to define how contingency shou
(AASHTO 2013). The concept of ridgkased estimating has been further explained in Chapter 1, Section
1.3.4 Uncertainty.

Even thaigh the use of riskased estimating techniques has not been adopted by most STAs,
it is becoming increasingly popular among these transportation agencies. Some STAs, including the
Washington State (WSDOT) and Montana (MDT), have already developed theirisiabased
estimating systems (Molenaar 2005; Gardner 2015). The estimating system for WSDOT was developed
by Mol enaar (2005) and was intended for project:
Megaprojects. 0 Mol en afiaprovided by WSDQT hissbasedtctseestimatingn b e n

system was better budget control and resource allocation, as well as an increase in public confidence
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due to a more transparent communication. Molenaar estimating system was found to be effective;
however it was estimated that its implementation would have a cost of about $3 million for WSDOT.
Likewise, its implementation required the employment of aaisidyst expert, unlike the methodology
proposed in this thesis.

On t he ot her -baseshadtimatisysterm was idevdtoped by Gardner (2015)
using 189 paving projects previously awarded by
artificial neural network models to produce stochastic conceptual cost estimates using the 14 input
varabl es | isted bel ow. Even though some of the in
considered for further improvement of the estimating methodology proposed in this thesis, these 14
inputs do not take into consideration adjustments requireduateract the impact of inflation and
construction market wvolatility over ti me. Li kew
and geotechnical characteristics of the jobsite, but fail to consider potential regional market conditions
that migh influence construction pricing, which this thesis has found to significantly affect HMA prices

in Alabama.

2.2.5 Classification of the Proposed Cost Estimatifystem

Based on the information presentablove the proposed systermoan be classified aa
combiration of the biebased and riskased cdsestimating approaches since the syategas historical
data from previosi projects awarded by ALDOT foduce a stochasti¢tMA cost estimatelikewise,
it is important to remember that the proposed stochasée-tlimensional cost estimating systasito

be used during the final design phase at design completion (see Table 2.1).

2.3 Validation of Data-Driven Cost Estimating Models

Cross validation (CV) is a common research approach to assess the performanedrofatataodels,
such as cost estimating models. A typical CV process is performed in four general steps: 1) first, the
available data is split into a training and a testing dataset; 2) the training dataset is then used to develop

the model; next, 3) the mebis applied to the testing dataset to estimate the values of the independent
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variable(s) on each observation; and finally, 4) the estimated values are compared against the actual
values of the independent variable(s) in the testing dataset, and thefrésalcomparison is analyzed

to assess the performance of the model. The CV process is intended to simulate the actual
implementation of the model, so that, the CV results are assumed to reflect the level of performance
that should be expected by thieal users. However, the literature review has revealed some major
issues with traditional CV approaches that may compromise the integrity of the validation results.

A review conducted by Gardner (2015) on several-deten construction cost estimating
models presented in the literature revealed that in spite of the fact that some of this models showed high
effectiveness when validated by their respective authors, they have never been implemented by STAs
due to their questionable validation processesné&positive CV results are the result of testing the
performance of the models using samples of projects with narrow scopes of work (e.g. all projects in
the testing dataset have similar characteristics and are for the same type of work) or are peiformed
very small testing samples, in some cases, using only two projects for validation (Gardner 2015).

Rueda (2016) identified another problem associated with the traditional CV procedures used in
cost estimating modeling in the transportation industrigsedvations for the training and testing
datasets are usually assigned in a random manner. However, as suggested by Rueda (2016), a random
partition of the data might not be appropriate for ati@ded cost estimating model since model
developers might endsing recent projects to estimate older prices, which would be an impossible
scenario during actual implementation. This simulated scenario would be a case in which an estimator
uses future prices (which are obviously unknown) to estimate current grdoesding to Rueda (2016),
model developers should intentionally (instead of randomly) place older projects in the training dataset
and the more recent projects in the testing dataset for the validationbafdsid cost estimating models.

Inthatway,th&€V pr ocess would not only fidetermine the

model s, but also the ability of bid data from p

(Rueda 2016).

Al t hough Ruedabbs appr oa cséntationsof the aotwar modela c c u r

implementation, this thesis has identified another opportunity to improve CV proceduredaséd
estimating, allowing for an even more accurate representation of the eventual utilization of the
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estimating models. In the pltementation of bicbased estimating models, estimators use historical bid
data from the most recent projects contained in theb@ak period, so that, the loddack period for

data retrieval ends just before the current date. Therefore, an effectiygoCess for bicbased
estimating should allowed for the adjustment of the {oakk period to match the period of time
immediately preceding the current date. That is not possible with a fixed training dataset as the one
typically used in CV. The propos&#WCV approach, described in detail in Section 3.6 and Chapter 4,

is intended to address this CV limitation, by allowing for a dynamic partition for training and testing

observations.
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CHAPTER THREE:
DATA COLLECTION AND CLEANING

3.1 Introduction

After concluding thditerature reviewefforts summarized in Chapter 2, the author proceeded
tocol | ect , cl ean, and explore ALDOTG6s historical
2016, a total of 3,661 projects. This chapter describedata collection process and the tools and
statistical methods used to identify and remove outliers, as well as to reformat the available data into a
tidy format, which is more suitable for data analysis purposes. Finally, the chapter describes the
Exploratory Data Analysis (EDA}hat led the author to identify and better understand the main cost
influencing factors affecting HMA prices in Alabama, to identify the most relevant HMA item to be

used as the case study item, and to detect and fix errorsa@msistencies in the tidy dataset.

3.2 Data Collecting and Cleaning

After gaining a better understanding of the research problem through the comprehensive
literature review and after designing a thoughtful research plan to address the problem, the author
proceeded witlthe data collection processhich consisted in minindpistorical pricing data frorthe
bid tabulatios for all projects awarded by ALDOT between 2006 and 2@l&tal of 3,661 projects
were awarded during this 4kar period. Datawasesatt t ed fr om ALDOT6s Bid Tat
The bid d&a published otthis website igvailable in Portable DocumeFormat (PDF), which is not a
suitableformat for data manipulation and processikgure 3.1is a screen capte from one of the
PDF files This figureshows a few unit prices submitted by three bidders for a bridge replacement
project in Etowah County, Alabamalthough this study is mainly focused on asphalt paving projects,
the proposed methodology intendexanalyze the behavior of HMArices over time, and paving

activities arerequired,to some exteni n mo st AL D.Ohedefore rlevant data tosild be
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provided by norpaving projects, so that, bathta was collected and cleaned ddirtypes of projects

awarded by ALDOT betwee2006 and 2016.

. Alabama Department of Transportation DATE: 1/29/2016
tﬂ:l Tabulation of Bids Page: 1
Call Crder: 001 ContractID: 20160129001 County: ETOWAH
Letting Date: January 29, 2016 Area/District: 0105 Contract Time: 310 Working Days

Contract Description: Project(s): BR-0001(565)

REPLACEMENT OF DUAL BRIDGES(GRADE, DRAIN BASE, PAVE,SIGNALS) ON SR-1 (US-431) OVER BLACK CREEK TO INCLUDE THE
REMOVAL OF A PEDESTRIAN BRIDGE AND RETAINING WALL IN GADSDEN

Line No / Item ID (1) BELL & ASSOCIATES (2) IKAROS, LLC (3) WRIGHT BROTHERS
T e et CONSTRUCTION, L.P. CONSTRUC':':‘(():N COMPANY,
Alt Set ! Alt Member Quantity and Units Unit Price Ext Amount Unit Price Ext Amount Unit Price  Ext Amount
SECTION: 0001 Total
0010 206A000 (W] 200,000.00 200,000.00 150,000.00 150,000.00 115,000.00 115,000.00
Removal Of Old Bridge, Station LS
120+58.85, NBR
0020 206A001 (1 200,000.00 200,000.00 100,000.00 100,000.00 115,000.00 115,000.00
Removal Of Old Bridge, Station LS
120+42.16, SBR
0030 206A002 1 270,000.00 270,000.00 600,000.00 600,000.00 100,000.00 100,000.00
Removal Of Old Bridge, Station LS

123+75.00, Pedestrian Bridge

Figure 31: ALDOT Bid Tabulations PDF Format.

A web-based free format conversion application was used to reformat the data into a more
suitable format compatible with Microsoft Ex¢bkereinafter refered to as ExcelAfter the conversion
process, the data arrangement in the Excel spreadsheedsliveamilar to the arrangement providéed
the PDF file which is still not ideal for data processing purposes. Additionally, the converted data
presentedeveral critical format inconsistencies such as discontinued or shifted columns and unintended
combined cells.Given the large amounof collected datamanual reformatting andorrection
inconsistenciewvas not an optiorRart ofthedata cleaning effastin this studywere aimed to develop
an Excel data cleaning spreadsheet carefully designed to identify and correct all formatting

inconsistencies while rearranging the data a tidy format.A screen capture of thiedy dataset is

shownin Figure 32.
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A B F H K CH Cl CJ CK CL CM Cl=
1 PostingDate| ContractlD County Year | Quarter| Item ID Item Description Units | Quantity |Unit Price 1| EXT1  Unit F
2 1/17/2006| 20060106001 |CULLMAN 2006 1[405A000 Tack Coat GAL 15046[1.35 031210 [124
3 1/17/2008| 20060106001|CULLMAN 2008 11408A053 Planing Existing Pavement (Approximately 2.10" Thru 3.0" Thick) SQYD | 250765[1.53 38367045 [3.9
4 | 1/17/2006| 20060106001|CULLMAN 2006 1[408A054 Planing Existing Pavement (Approximately 3.10" Thru 4.0" Thick) 3QYD 300(3 900.00 18.84
5 1/17/2006) 20060106001) CULLMAN 2006 11410C000 Contractor Retained Profilograph EACH 1115000 15000.00  [1360C
6 1/17/2006| 20060106001 |CULLMAN 2006 1[410H000 Material Remixing Device EACH 1[90000 90000.00  [1269C
7 1/17/2006| 20060106001|CULLMAN 2006 11420A015 Polymer Modified Open Graded Friction Course TON 11285|61.11 689626.35 |58.98
] 1/17/2006] 20060106001 [CULLMAN 2006 11423A002 Stone Matrix Asphalt Wearing Layer, 3/4" Maximum Aggregate Size TON 25077)64.11 1607686.47[46.39
9 1/17/2006| 20060106001 |CULLMAN 2008 1|424B659 Superpave Bituminous Concrete Upper Binder Layer, Leveling, 1" Maximum Aggrg TON 50[200 10000.00  [150
10| 1/17/2006| 20060106001 |CULLMAN 2006 1[600A000 Mobilization LUMP 1[286995.78 (28699578 |2869¢
11| 117/2006] 20060106001 |CULLMAN 2008 117014028 Solid White, Class 2, Type A Traffic Stripe (0.06" Thick) (6" Wide) MILE 1717372 29532.40 [1825
12| 117/2006| 20060106001 |CULLMAN 2006 1[701A032 Solid Yellow, Class 2, Type A Traffic Stripe (0.06" Thick) (6" Wide) MILE 17[1737.2 29532.40 (1825
13| 1M7/2006] 20060106001 |CULLMAN 2006 1701A041 Broken White, Class 2, Type A Traffic Stripe (0.09" Thick) (6" Wide) MILE 17]1060.5 18026.50 [1115
14| 117/2006] 20060106001 |CULLMAN 2006 1{701B009 Dotted Class 2, Type A Traffic Stripe (0.09" Thick){6" Wide) LF 500{1.01 505.00 1.06
15| 1/17/2006| 20060106001 |CULLMAN 2006 1|701C000 Broken Temporary Traffic Stripe MILE 33[626.2 20664 60 [657.5
16| 1M7/2006] 20060106001 |CULLMAN 2006 1{701C001 Solid Temporary Traffic Stripe MILE 66(686.8 45328.80 [r21.2
17| 117/2006] 20060106001 |CULLMAN 2008 1|703A002 Traffic Control Markings, Class 2, Type A SQFT 50[5.05 252.50 53
18| 1/17/2006| 20060106001 |CULLMAN 2006 1[705A030 Pavement Markers, Class A-H, Type 2-C EACH 66(5.56 366.96 5.83
19| 1/17/2006] 20060106001 |CULLMAN 2008 1{705A031 Pavement Markers, Class A-H, Type 1-A EACH 1086(5.56 6038.16  [5.83
20 1/17/2006| 20060106001|CULLMAN 2006 1{731A010 Traffic Counting Units, Type K EACH 1[7000 7000.00 4410
21 1/17/2006) 20060106001) CULLMAN 2006 1|731A014 Traffic Counting Units, Type O EACH 117500 7500.00 5040
22 1/17/2006|20060106001|CULLMAN 2006 1{7408000 Construction Signs SQFT 979(7.95 778305 [8.91
23| 1/17/2006| 20060106001|CULLMAN 2006 1|740C000 Special Construction Signs SQFT 20(7.95 159.00 947
24| 1/17/2006| 20060106001| CULLMAN 2008 1{740D000 Channelizing Drums EACH 200]60.8 12160.00 |55.68
25| 1/17/2006|20060106001|CULLMAN 2006 1|741C010 Portable Sequential Arrow And Chevron Sign Unit EACH 2|2500 5000.00 1350
26 1/17/2006| 20060106001|CULLMAN 2006 1{742A001 Portable Changeable Message Sign, Type EACH 2[15000 30000.00 |5600
27 | 1/17/2006|20060106001|CULLMAN 2008 11998A000 Construction Fuel (Maximum Bid Limited To $ 145,000.00) LUMP 110.00 0
28| 1/17/2006|20060113002| MONTGOMERY| 2006 1{206D001 Removing Guardrail LF 2978[2.5 744500 (125
29| 1/17/2006|20060113002|MONTGOMERY| 2006 1]206E008 Remaving Guardrail End Anchor (All Type EACH 34[150 5100.00  [130
30 1/17/2006| 20060113002|MONTGOMERY| 2006 112100001 Borrow Excavation (Loose Truckbed Measurement) CUYD 1380|25 3450000 [31

Figure 32: Tidy Format.

ATi dy dradasysoenampulate, model and visualize, and have a specific structure: each
variable is a column, each observation is a rowgeaati type of observamal unitisatable ( Wi ¢ k ha m
2014). There is only one type of observational unit in this study: pay items included in contracts awarded
by ALDOT between 2006 and 2016. Thtlere is only one tablevith each row referring to a single
pay item used in a given projecand with the columnspreserning all the available attributes and
informationassociated with eagiay itemin each contracinformation provided for eadtem on each
row includes, but it is not limited tétem identification number; item description; awardgarity;
unit of measurementiumber of the contract in which the item was used; project location (county[ies]);
number of biddes proposing on the project, names of bidders, and unit price submitted by each bidder
for the samdtem.

Thetidy dataset e 169,947 rows an#i31 columns It should be noted that ALDOT has a
standard list of pay items and some of them are frequently used in different projects. It means that the
same item may appear several tinrethe dataset, but each time that it appearspmresponds to its
usein adifferent projet. A total of 5,246 differenpay items havbeen used by ALDOT in the 3,661
projects contained in this dataset.

Initially, all 11 years of collected data were considered in this study. Howelviée,analyzimg

the data, the author fourah apparent trend change in H\pAcesin 2010, suggesting that something
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may have changed the conditions of the paving construction niartket state of Alabamduring hat
year. Since this study is intended to demonstrageapplicability of the proposed methodology in the
current construction markethe author decided to limit the validation process to the most recent six

yearss of data,from 2011 to 2016.

3.2.1 Outlier Detection and Removal

A critical part ofdatacleaning processsconsists of removing those observations that do not
appear to belong with the rest of the dagenerally called outlierst Usual | 'y, the presenc
indicates some sort of problem. This can be a case that does not fit the modskuniyleor an error
i n measur e ment this€udy theeatithoaused twa aln@ytlier identification methods
strategically selected and applied to serve different purposes.

The first outlier detection approach used in this thesis wasdbd#died Z-scoremethod, which
was applied followng the guidelines provided biglewicz and Hoaglif1993. This method was
applied at the pay item level (to each row) in orgeidentify outliers among thenit prices received
by ALDOT for thesame itemunder the sameontract meaning that the unit prices were estimated for
the sameamountof HMA. While some of these errors may be due to typographitsihkesor the
misinterpretation of thecope contained within thanit price,many of them ar#éhe result of unbalanced
bids(Rueda2016i A bi d i s considered unbalanced i f the
in relation to the estimate and Acbngactonanbalarsce qu ot e c
a bid to either protect itstended profit and fixed costs (which could be partially lost if actual quantities
of work are less than the originepected quantities), to maximize profits by taking advantage of errors
in the quanties of workin the solicitation documents, or to iafé prices foearly activities to reduce
financial costs (the cost of borrowing money) (FHWA 1988). Regardless obassibleethical
implicatiors typically associateavith unbalanced bids, it is fact that this practice is currently used by
constructioncontractors, and it is also a fact that unbalanced bids may affect the performance of bid
based estimating models.

The modified Zscore métod was applied using Equationl3The reason behind the use of

this method is that outliers are identified using $ample mediafeo and the median absolute deviation
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(MAD) making it more suitable for small samples. It should be noted that this method was applied at
the pay item to compare bids submitted by different contractors under the same contract, so that, it was
applied to elatively small sample3.he average number bids received by ALDOT for a single contract

is between 3 and 4. The maximumumber ofvendors competing for a contrdetween 2006 and 2016

was 21, and it only occurréd a singlecontract. Othemore commonlysedoutlier detection methods

rely on thesample mean and standatelviation to identify outliersHowever, these two statistics are

more sensitive to extreme values in small samples, increasing the risk déteting outliers that

should be discardedglewicz and Hoaglin, 1993Based on Iglewicz and Hoaglin guidelines, all unit

prices with absolute modified-Zore greater than 3.9(s o& were removed from the dataset.

A Eq. 31

Where:0 = Modiafied ZScore for Observation i
MAD = Median Absolute Deviation =¢} i Median|}
» = Value of Observation i

= Median of All Observations

Thesecond outlier detection approach used in this thesis is the Robust RegaessOutlier
Removal metho@ROUT). This method was developed and proposed by llofiand Brown in 2006.
In this method, Motulsky and Brown combine robust regression andirmear regression techniques
to identify values that coulde significantly agrt from the regression equatiorhi¥second filter was
used to detect outlieduring the development of the nbnear regession models to correlate quantity
and HMA unit pricesThese are outliers not detectedthe modified Zscore methodncludingthose
resulting from unusual project requiremetmattmay force all contractors to bid outside the typical unit
price ranges,this is actually the main reason to use this method. Since the modifiedr& method
compares unit prices for the same itendema gven contract, this method méind no outliers if all
bidders are forced to submit unit prices substantially higher (or lower) than those typically pay by
ALDOT for the same pay itein other projectsThe ROUT method was applied using GraphPaich®ri

7, a statistical software equipped with a ROUT function that can be activated during the development
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of nonlinearregression models. Figure 33Bowsan example of the outpytelded by this software

This is a norlinear regression modébr the casestudyitem developed usingll unit prices recorded

between 2006 and 2016. All red data points are outliers detected by the ROUT method and excluded

from the regression analysis.

Unit Price

424A360
800

600 e Outliers
-o- Consistent
400

200

OI ] L] 1 ] 1
0 10000 20000 30000 40000 50000

Quantity

Figure 33: GraphPad Prims 7 Output Example.

3.3Exploratory Data Analysis

Exploratory data analysis & common step in datitiven research. It is intended to provide

researchers with a better understanding of each of the variablamednin the available data atia

relationships among them. lthis particular study, EDA facilitated the further identification of

inconsistencies and errors in the data, allowing the author to take the necessary measures to correct

thembefore proceeding with data processifige EDA also helped ith the selectiomnf the case study

item and with the identification of potential elements that could be used to mhedelationship

between each of the casfluencing factorslescribed in Section 1.3 and HMA prices paid by ALDOT.

With regard to the case study iteme @uthor was looking for the most relevant asphalt paving

item used in ALDOT contract3.he EDA showed that there is a single HMA pay item that be clearly

identified as the most relevam terms of frequency of use analidr expenditure

ASuper pave

Bituminous Concrete Wearing Surface Layer, 1/2" Maximum Aggregate Size Mix, ESAL Range C/D
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iltem I D Ad4h4A36QG.edn corresponds to the second hi
annual construction program. It is only outranked by mobilizations expevisel,are paid by ALDOT
in almost all construction contracts, including fgaving projectswhich may explain why this is the
top ranked item

The better understanding of the data gained througB@t#ewas also used to makemefinal
adjustments tthe research plan. For example, in order to model the relationship between geographic
location and HMA prices, it was necessary to split thehcsl bid data into comparable regions. Each
region was required to provide sufficient data to allow fotialyke analysis, and at the same time, they
could not be too large, so that, they would become meaningless geogvagehid@ he study initially
consideredhe five geographic regions used by ALDOT to organize its operations: north (N), east
central (EC), wstcentral (WC), soutitentral (SC), and sth-west region (SW). Figure 3shows the

partition of the state of Alabama according to these five regions.

33



Lauderdale | (
: — Limestone . yicon ¢ Jackson

Colbert {a-“‘ — w¢s
Franklin -@Wrence  Morgan " DeKalb /

| Marshall

S
Marion Winston | culiman - Cherokee
Etowah
Blount
Lamar Walker . Calhoun
Fayette St. Clair Blabins
Jefferson
Talladega
Pickens = Tuscaloosa Shelby Clay Randolph
3 Bk Coosa
Greene Chilton TallapoosaChambers
Hale :
Perry
Simter Autauga Elmore . Lee
Macon
Dallas 1
Marengo : ‘Montgomery Russell
Choctaw ; Lowndes Bullock
Wilcox
Pike Barbour
Butler 4 3
Clarke Crenshaw
Monroe Han
Washington Conecuh Coffee = Dale i
Covington
Escambia Houston

Geneva

West Central (13 Counties)
Mobile ' Baldwin South West (10 Counties)
South East (19 Counties)

East Central (12 Counties)

North Region (13 Counties)
0 20 40 80 120 160

O e e Viles

Figure 34: ALDOT Geographic Regions: Five Regions Classification.

Thedecision to use this partition had to be reevaluated when the EDA revealed that some of
these regions were not providing a constant stream of HMA pricing data along the period of time
considered in this studore ecifically, the regions providing tHewest count of paving projects
per quarter are the WC and SW regions. This issue was solved by rearranging this partition into three

regions: north, central, and south region. The fiaatition is shown in Figure 3.5
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CHAPTER FOUR:
METHODOLOGY

4.1 Introduction

After gaining a better understanding of the research problem through the literature review
summarized in Chapt&, and after conducting the EDA slibed in Chapter 3he author proceeded
to design an appropriate researdanp The flow chart in Figure.% illustrates the research plan
followed in this study for the development of the stochastic t#limensional HMA cost estimating
system for ALODT. The process and research activities performed at each step in the research plan are
described throughout this chapter following thgquence of work show in Figurel41t should be noted
that findings and information collected during the literatuveéesg were summarized in Chapter 2, and
the data collection/cleaning efforts and Bi2A are presented in ChaptetiBerefore, this chaptstarts
with the descriptionof the quantitative modeling process for each of the-iofisiencing factors
Likewise,the Analysis of Results and Conclusions and Recommendations (last two boxes in the flow

chart in Figuret.1) are presented in Chapters 5 ande8pectively.
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Figure 41: Methodology Flow Chart.

4.2 Quantitative Modeling

This section refers to the process to quantitatively model the relationship between each of the
five costinfluencing factors andinit prices forthe case study item. The assessment and modeling

process for each of the factors is presented in following sectio

4.2.1 Scale

Base on the concept of economies of scale discussed in Sectioit u8slnecessary to model
the reduction in price as tipeirchase@mount of HMA increased.he relation between the quantities
of work for the case study item and the unites paid by ALDOT was modeled usingnlinear
regression techniques. Specifically, the author used power regression rbdsetgpe of regression

equation has been successfully used by Rueda (2016) to rmdddi&l prices for the Minnesota
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Department of Tansportationlt has also proven to be a suitable regression approach in the concurrent
study conducted by Pakalapati (2018). Moreover, it seems to be a widely accepted approach in the
transportation construction iodtry as suggested by Figure Ahichwas talenfrom the AASHTO

Practical Guide to Cost Estimating (201Bdwer regressiomodels are defined by Equatid«i, where

0OAO0 and O0BO6 are constant values determined for
A [ B ] C [ D [ E F G 9 T K I=
| 1] 4013990 MILL.EXIST.ASPH.PVMT -VARIABLE POWER $ 217 11817 Average Price Weighted Average Prici
| 2 |Letting Date  District File Number | Type of Work  Length of Proje Quantity Low Bid Project Funding § 7.56 |$ 2.29 I
3 9/9/2003 0:00 1/02.151B Resurfacing 9.74 200 % 15.00 Federal
| 4 | 3/11/2003 0:00 1/31.2003 Resurfacing 1.77 250 § 8.22 Federal
| 5 | 2/11/2003 0:00 1/28.132B Resurfacing 5.51 311 % 13.50 Federal
| 6 |11/11/2003 0:00 1/02.155B Resurfacing 13.61 450 % 1565 Federal
| 7 | 2/11/2003 0:00 1/02.144B Resurfacing 8.67 500 $ 10.85 Federal
| 8 | 11/11/2003 0:00 1/268.143B & 31.12¢Resurfacing 10.23 533 § 10.03 Federal
| 9 | 3/9/2004 D:00 1/43.143BR1 Resurfacing 72T 743 § 19.22 Federal
| 10| 12/9/2003 0:00 1/32.202B Resurfacing 11.69 1019 § 6.40 Federal
(11| 9/9/2003 0:00 1/28.140B, 31.122EResurfacing 15.5 1386 § 4.58 Federal
| 12| 2/11/2003 0:00 1/43.133B Resurfacing 11.97 3140 % 3.53 Federal
| 13| 9/9/2003 0:00 1/40.205B & 40.20€ Resurfacing 8.22 3752 § 4.25 Federal
| 14 | 4/13/2004 0:00 1/43.158B Resurfacing 14.72 4184 $§ 4.70 Federal
| 15| 3/9/2004 0:00 1/32.212BR1 Resurfacing B.26 4385 § 285 Federal
| 16| 4/13/2004 D:00 1/02.2004 Resurfacing 519 573633 § 4.00 Federal
| 17 | 11/11/2003 0:00 1/32.213B & 40.217Resurfacing 12.77 5860 % 3.30 Federal
| 18| 2/11/2003 0:00 1/32.190B & 32.19"Resurfacing 10.72 10803 § 1.50 Federal
1 19| 2/11/2003 0:00 1,40.185B & 40.18€ Resurfacing 11.360 57280 § 1.02 Federal
20
21| Bid
22
[25]] $25.00
24
| 25 | $2000 45
26|
| 27 | $15.00
26|
29 $10.00
30|
$5.00 yw22084 0
% "'m..__ R?= 08522
33 5 . : : . — .
? 1] 10000 20000 30000 40000 S0000 60000 70000 l
35 -
li4 «Tv Twil{ 3069300 { 4012060 [ 4013200 4013990 { 4022000 / 4031100 [ 4031400 { 6020005 { 6040005 [ 6040010 / 6040015 [ 6040025 [ eoannzo {604 |«| FE» 1[0

Figure 42: Historical Bid Analysis using Power Regression Modeling (AASHTO, 2013)
Y& RO QOXE 06 HDE O QO W Eq. 4-1

Where: A and B are constant values.

4.2.2 Time

Two elements must be defined to incorporate the time dimension into the propobaddid
cost estimting system an optimal lok-back period for dataetrieval and a CCISto adjust cost
estimates for inflation and price fluctuations over time. As previously mentioned in this thesis, these
two elements will be taken from a parallel study conducted by Pakalapati .(2018)at staly,

Pakalapati used the same case sitaiy to demonstrate a loekack determinatioprotocoland to
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develop a CCIS to be applied to #hdsed estimating. After assessing 5 possible-bzak periods
(ranging from 1 to 5 years) and 20 indexing approadbasalapati concluded that 2 years of historical
bid data and a quarterly CCIS facilitate better accuracy in costasssi for the case estimate item,

which is therecommendation that has been followed in this study.

4.2.3 Location
The assessment of tleeation factor started by determining if significardifferences in HMA
prices should be expected for the saamgountof HMA across the three geographic locatiohse
study identified an actual typical paving project awarded by ALDOT, took the quawitihMA
estimated for that proje¢8,715 tons)and used theollectedbid data to determine trennual average
unit priceactually paid by ALDOT br the same amount of HM& each region étween 2006 and
2016. Figuret.3shows how the unit price for 8, 31ons of HMA changed acrodsesell years in each
region.
$95.00 North
$90.00 Central
$85.00 South
‘= $80.00
)
& $75.00
8 $70.00
L $65.00
[
D $60.00
$55.00

$50.00

$45.00
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year

Figure 43: Unit Price for HMA per Region 2088016
The next step was to determine if there is a significant difference betweaénetgéme series
in Figure 43. The location dimension would not be necessanpisignificant difference is found\
visual inspection of this figure seems to show that HMA prices across the three regions started to
increasingly spread out after 2010. A series of ANOVA tagpdiedto different time frames were used

to validate this statemerithe results of these testpiesented in Table #. The first test was conducted
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to compare the tyear averagenit price (20062016) betweenhe threeregions and it rexaled no
significart differencewith a significance level of 5%d he time frame was then reduced by one year
(2007%2016) and the ANOVA test was run again with the same resultspfboess was repeated a
numberof times reducing the time frame by one year at a time, showiagsignificant differences
between the regions started to appear after 2010.

Table 41 ANOVA Test Results to Compare Average Unit Prices per Region

Years | Time Frame | Region Aveg?ceel,hlt P-value Conclusion
North 67.05
11 20062016 | Central 74.74 0.607
South 73.00
North 68.41
10 20072016 | Central 76.15 0.549
South 74.12 No enough
North 69.90 information to
9 | 20082016 | Central 7787 0.394 p(;%‘g;ﬁ'cge”\'l‘ci‘iﬁr:
South 75.31 significance level
North 71.36 of 5%
8 20092016 | Central 79.19 0.215
South 74.96
North 72.43
7 20102016 | Central 81.27 0.076
South 75.66
North 73.72
6 20112016 | Central 82.86 0.034
South 76.44
North 75.48
5 20122016 | Central 84.41 0.005 Significant
South 77.37 difference with a
North 76.59 significance level
4 | 20132016 | Central 84.89 0.007 of 5%
South 78.57
North 76.42
3 20142016 | Central 86.29 0.018
South 79.58

Two important finding were derived from the statistical analysis desadibbove. First, it can
be assumed that current HMA prices may change significantly between regions. The second finding is

that some sort of evdis) may have happened in 2010 affecting the paving constructarket in
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Alabama. Therefore, threuthordecided to continue developing the proposgstemand to validate it
using only data from projestawarded between 2011 and 2016 becauskEMIA pricing trends may
affect the results of this study, misleading ALDOn the expected performance of the propeystem

in todaydos c o fdhus, thaaathor pponeedeata develbpray Cl to quantity the difference
between these regions at each year, starting in 2011.

The LCI was developed following a similapproach as the one adopted by the RSMeans for
the calculation of its City Cost Index (RSMeans 2018). The RSMeans City Cost Index compares
average construction cestmong731U.S.and Canadian Cities. The index values fotJa®.cities are
calculatedusing theU.S. national average as a reference. Every year|Jtlse national average is
assigned an index value of 100, and index values at the city level are calculated in a proportional manner
around the national index. Thus, if for example, the inddwesfor a given city is 95, that would mean
that average construction costs in that city are 5% lower than the national average. Likewise, an index
value of 102 would mean that average costs for that citgx@rected to b@% above thenational
average.

Figure 4.4shows thesame time series from Figure 4% adding one more series for the state
average HMA unit price for 8,715 tons of HMA. The valuestplbin this figure for eactregion were
compard against the statevarage of their respective ysaithe results of these comparisons wben
translated into index values in a similar fashion as in the RSMeans City Cost Index. The resulting LCI

is shown in Tabld.2.

State Average
North

$95.00
$90.00
$85.00 Central
$80.00 South
$75.00

$70.00

$65.00

$60.00

$55.00

$50.00

$45.00

Unit Price ($/ton)

2006 2007 2008 2009 ZOIOYEZ&J.l 2012 2013 2014 2015 2016

Figure 44: Unit Price for8,715 Tons ofiMA per Regia & State Average 2008016
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Table 4.2 HMA Location Cost Index in Alabama
Year State North | Central | South
2011| 100.00 95.15 | 102.56 | 100.21
2012| 100.00 97.53 | 106.98 | 96.35
2013| 100.00 102.02 | 104.51 | 94.93
2014| 100.00 97.12 | 10675 97.37
2015| 100.00 97.80 | 105.70 | 94.22
2016| 100.00 98.46 | 110.25 | 92.42

While it does not seem to be a clear patterdefine the difference in HMA prices between the
north and south regions, Figu4e2 and the LClshowaclear trend of higher HMA pees in the central
region in comparison with the other two regions. On average among the six years shown 42T able
HMA prices in the central region are 8.3% and ¥t8gher than in the north and soutlgions Further

research is required aitempt b explain the reason behind the price difference between regions.

4.2.4 Uncertainty

Unlike the scaletime, and location factors described above, the estimating unceffitdy
is not incorporated as an input to the proposgtiimating systemit is essentily a byproduct of the
validation processas illustrated in Figure.d. This factor actually connects the system development
and system implementation phases. Befahe initial implementation of the system, ALDOT
estimatoranust performed the same pess presented in this research wiittmost recent historical
bid data.After using this data to develop the thidienensional cost estimating $gs and to run the
MWCV, thedistribution ofpercentagerrors obtained from thRIWCV must be saved for futeruse
during the actual implementation of tegstem in intendegdrojectsto be executed by ALDQTThe
sameprocess should be follofer every pay item frequently used by ALDOTagphalt paving projects.

Therefore, each item should haweatvn distributbn of percentagerrors.
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Historical Bid Data - Timeline

r————

0 _! Moving-window @ Project using HMA
-
2016 Actual HMA En:::‘:ed Percentage
Projects Unit price Unit Price Error
Project1  $89.06 $84.56 53% ) Distribution of
Project2  $67.10 $71.06 -5.6% Percentage Errors

Project 3 $87.77 $93.60 -6.2% —

Projectn $78.10 $72.85 67.2%
n = number of 2016 projects including the case study item

Figure 45: Generation of Distribution of Estimating Errors

=

4.2.5 Level of Competition

A review of the average number of asphalt paving contractors competing per contract in each
regionreveaéd naosignificant differencen thisnumberbetween regios The average valugser region
are shown in Table.d. Assuming that the numbereéndorscompeting per projeés the main measure
of the level of competitionit could be assumed from Table34that thereis a uniform level of
competitionacross the stat& he results of an ANOVA test shown in Talld revealed significant
differences in the average number of vendors per project across the three regions. However, as shown
in Table 4.3, that significant dierence could be around 0.2 vendors per project, which has been
di sregarded by the author given that such a sma
vendorso would not h. & heeeforg, it 'as peeraasdurned ¢éhat thehlefe n i n g
competition would have the same impact on all paving projects across the state, making it unnecessary
the inclusion of this factor in the proposed cost estimating sy3teiswas the only of the five cost
influencing factor not included in the systefthe author recognizes that a more exhaustive review of

the level of competition factor is required and should be considered in future research.
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Table 4.3 Level of Competition Analysis

Regions Number of
Vendors
North 3.2
Cerntral 3.0
South 3.1

Table 4.4 Level of Competition ANOVA Test

Groups Count Sum Average | Variance | P-Value
North 830 2731 3.2 3.24

Central 1230 3686 3.0 3.06 0.001348
South 1687 5315 3.1 3.54

4.3 Integration of CostInfluencing Factors

The previous section has presented all the elements and models used to assess the impact of
each of each co#tfluencing factos on bidbased cost estimating. Now it is necessary to establish a
framework to integrate and facilitate the usealbfthese elements dmodels. Figurel.6 summarize

this framework in four steps. This ihe stegpby-st ep | mpl ement ati on

of the
estimators. The first three steps correspond to ithreensional system, while the fourth and last step
refers to the generation of the stochastic estimate using the distribution of percentage errors obtained

during the development of the systeMll. the steps in Figre 4.6 aredescribedelow.
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Three-Dimensional [ 777 Moving.window

Cost Estimating System ®  Project using HVA
O Current Project
CCIg  Base Construction Cost index

CCI;  Current Construction Cost index
Step 1:

Scale
Dimension

LICR location Index in Current Region

Step 2:
Time
Dimension

Mid-Point of Current
Look-Back Pericd Date

Step 3: )
L ti LI CR Location-Adjusted
ocation eterminist X — Deterministic
Dimension tF 100 Unit Price

. Location-Adjusted
Step 4: Deterministic X A —_ A
Stochastic Unit Price

Analysis Distribution of Stochastic
Percentage Errors

Estimate

Figure 46: Integration of Factorfor Implementation

1. Scale DimensionDevelop a power regression model using HMA unit prices from all previous
projects contained in the twaar lookback period.

2. Time dimension: Use the power regression model to estimate a deterministic unit price
(unadjusted) for the amount of HMA to be used in the current project. Assuming that the
unadjusted deterministic unit price corresponds to thepwoidt of the lookback period, use
the quarterly CCIS to adjust the deterministic estimate for time esjugtiord-2.

Y6 OY0OYO OTYo— Eqg. 4-2
Where:TADUP = TimeAdjusted Deterministic Unit Price
UADUP = Unadjusted Deterministic Unit Price
Current CCI = Last Construction Costlex Known at Current Date
BaseCClZLast Construction CostL oonkdigBaocKkn 0 wn
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3. Location Dimension: The timeadjusted deterministic unit price from Step 2 was estimated
with projects awarded across the state. Therefore, it is agstinbe a state average unit
price. Use the LCI and thejuationd-3 to adjust this unit price for the region in which the

current project is to be built:

0 6 07YGYD O7YD Eq. 4-3

Where:L ADUP= Locationlil Ajusted Deterministic
TADUP= Timel Ajusted Deterministic Unit
4. Stochastic Analysis:Develop the final stochastic HMA unit price by multiply the location
adjusted deterministic unit price by the disttibo of percentage errors obtained during the

development of the system.

4.4 Validation and Stochastic Analysis

Uni

Pr

Given that the stochastic analysis is to be performed during the actual implementation of the

proposed estimating systentie stochastic analysis the fourth step of previous sectids not
consideredn the validation process. Thus, in this thesis, the estimating accuracy and reliability of the
system is demonstrated at the deterministic level. Howthierthesisstill showsthe process to defe

the distribution of the percentage emafter applying the system and the MWCYV to the case study item

(see Chapter)5The proposed MWCYV process is illustrated in Figliié

Moving-Window Cross Validation

| al
| |
—e—9—90 0000 00—
L |

Historical Bid Data Timeline

r————

| _! Moving-window @ Project using HMA

Figure 47: MovingWindow Cross Validation Appach

In this study, lhe movingwindow refers to théwo-year lookback period moving across the
testing pojects whichin this case, consist of &#016projects usinghe case study itenThe MWCV
process places the end of ti-year windowat the bginning of the testing period, and then starts

moving it towards the end of the testing timeliggery time that the righénd of the movingvindow
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finds a project, it stopshe HMA unit pice for that project isstimaed, the APE is calculated, andnhe
the movingwindow continuedts way until finding the next project. At the end of the MWCYV process,
the MAPE and standard deviation of all APBrecalculated to determine the overall accuracy and
reliability of the systemlr'he MWCYV was actually appliefdur times to the case study itemquantily

the improvement in estimating accuracy and reliability offered by each of the three dimeAsions
MAPE and standard deviation value was calculated at the end of each M&lT\ationand compared
against the alues from the previous run of the MWCV to demonstrate the progeesstimating
improvement as including the dimensionsety-one. Each of thefour MWCV calculatiors is
descibed below. Likewise, Chapteri® mainly aimed to preseahdanalyze the redts obtained from

the four runs of the MWCV.

1. First MWCV i Dimensionless: The first time, the MWCV was performed without
considering any of the three dimensions. The estimated HMA unit price for each project
participating in the validation process was chited as the arithmetic average of all
HMA unit prices contained in the lodack period.

2. Second MWCVi Scale DimensionThe estimated HMA unit price for each project
participating in the validation process was calculated using only thdineam
regressin model énly the saledimensioni Step 1 inTable5.4).

3. Third MWCV'i Scale plusTime Dimension: The estimated HMA unit price for each
project participating in the validation process was calculated using thénean
regression model and tlogarterlyCCIS the scale and time dimensioh&tepl and
2in Table %4).

4. Four MWCVi Scale, Time, antocation Dimensions: The estimated HMA unit price
for each project participating in the validation process was calculated using the non
linear regression modethe quarterly CCIS, and the location indéall three

dimensionsi Steps 1to 3 in Table&).
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4.4 Summary

The chapter has explained in detail each step of the research plan followed by the author for the
development of the stochastic thidienensional cosestimating system for HMA in paving projects
executed by ALDOT. The chapter started with a description of the data collection and cleaning efforts,
including details on the two outlier identification methods (modifiedc@re and ROUT) used to
remove HMAunit prices deemed to be outside the normal price ranges, preventing them from affecting
the performance of the system. The chapter then described the assessment of the five HMA cost
influencing factors initially considered in this study and explaineddtienale that led the author to
discard one of them; level of competition. Subsequently, the chapter presentedtapduamework
to integrate all the elements and quantitative methods used to model each of the four remaining factors:
scale, time, lod#on, and uncertainty. Finally, the chapter described how four different calculations of
the proposed MWCV process were used to quantify the improvement in estimating accuracy and
reliability offered by each factor and by the system as a whole. The riesnitshe MWCV process

are presented and statistically analyzed in the following chapter.
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CHAPTER FIVE :
MOVING -WINDOW CROSS VALIDATION:
ANALYSIS OF RESULTS

5.1 Introduction

This chapter presents and analyzes the results obtained from the applicatienMdVCV
process described in ChapterTdhe four MWCV calculations used to measure the effectiveness of the
proposed system were applied to all 2016 projects using the casetstudas described in Section
4.2 The comparison of MAPE and standard déeravalues between MWCYV calculations showed a
statistically significant improvement in estimating accuracy and reliability with the incorporation of

each dimension. The following sections discuss in more detail the results from the MWCYV process.

5.2 Moving-Window Cross Validationi Summary of Results

Table 51 summarizes the resutibthe four MWCYV calculations. Each calculatiwas applied
to 97 projects using the case study item during 2016. The table shows the actual unit price submitted by
the lowest lder on each project, the four unit prices obtained from the four M\é&laulatiors, and
the APE for each of the unit price estimates calculated using Equati¢se# Chapter 1J.he MAPE
and standardeviation values for each MWCYV calculatiare showrat the end of the tabl@hese

results are analyzed in detail in the following sections.
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Table 51 Moving-Cross Validation Calculations Summary of Results

Project Actual UP Estimated Unit Price Average Percentage Eror
($/Ton) |MWCV1 | MWCV2 | MWCV3 |MWCV4 | MWCV1 | MWCV 2 | MWCV 3 | MWCV 4

1 $115.00 $83.29 $75.28 $67.90 $71.76 27.6% 34.5% 41.0% 37.6%
2 $108.98 | $83.45 $120.57 | $108.75 | $106.36 23.4% 10.6% 0.2% 2.4%
3 $60.00 $83.45 $75.54 $68.13 $64.19 39.1% 25.9% 13.6% 7.0%
4 $7000 $83.45 $79.18 $71.42 $69.85 19.2% 13.1% 2.0% 0.2%
5 $87.77 $83.45 $103.86 $93.68 $88.26 4.9% 18.3% 6.7% 0.6%
6 $67.10 $83.45 $70.24 $63.36 $59.69 24.4% 4.7% 5.6% 11.0%
7 $88.75 $83.45 $79.96 $72.12 $76.23 6.0% 9.9% 18.7% 14.1%
8 $89.06 $83.45 $77.F $69.79 $68.26 6.3% 13.1% 21.6% 23.4%
9 $64.34 $83.45 $77.09 $69.53 $68.01 29.7% 19.8% 8.1% 5.7%
10 $80.00 $83.45 $85.70 $77.29 $72.83 4.3% 7.1% 3.4% 9.0%
11 $53.89 $83.45 $70.74 $63.81 $60.12 54.8% 31.3% 18.4% 11.6%
12 $80.00 $83.45 $103.69 $93.53 $98.85 4.3% 29.6% 16.9% 23.6%
13 $79.16 $83.44 $80.89 $72.96 $68.74 5.4% 2.2% 7.8% 13.2%
14 $87.38 $83.44 $93.01 $83.89 $82.05 4.5% 6.4% 4.0% 6.1%
15 $72.75 $83.44 $70.89 $63.94 $60.24 14.7% 2.6% 12.1% 17.2%
16 $69.85 $83.44 $82.02 $73.97 $69.70 19.5% 17.4% 5.9% 0.2%
17 $59.46 $83.44 $76.55 $69.04 $67.53 40.3% 28.7% 16.1% 13.6%
18 $71.06 $83.44 $71.20 $64.22 $67.87 17.4% 0.2% 9.6% 4.5%
19 $78.10 $83.44 $80.41 $72.52 $68.33 6.8% 3.0% 7.1% 12.5%
20 $62.77 $83.93 $84.59 $76.30 $80.64 33.7% 34.8% 21.6% 28.5%
21 $78.77 $83.93 $77.40 $69.81 $65.78 6.6% 1.7% 11.4% 16.5%
22 $62.90 $83.93 $74.24 $66.96 $63.09 33.4% 18.0% 6.5% 0.3%
23 $66.00 $83.93 $79.41 $71.62 $70.05 27.2% 20.3% 8.5% 6.1%
24 $65.87 $83.93 $80.80 $72.88 $71.28 27.4% 22.7% 10.6% 8.2%
25 $5800 $83.93 $85.64 $77.24 $75.55 44.7% 47.7% 33.2% 30.3%
26 $72.15 $83.93 $99.25 $89.52 $84.34 16.3% 37.6% 24.1% 16.9%
27 $79.15 $83.93 $71.30 $64.31 $60.59 6.0% 9.9% 18.7% 23.4%
28 $68.85 $83.93 $68.89 $62.14 $58.55 21.9% 0.1% 9.7% 15.0%
29 $64.99 $8393 $68.75 $62.01 $65.54 29.1% 5.8% 4.6% 0.8%
30 $75.75 $83.93 $75.25 $67.87 $71.74 10.8% 0.7% 10.4% 5.3%
31 $82.50 $83.93 $74.47 $67.17 $71.00 1.7% 9.7% 18.6% 13.9%
32 $54.25 $83.93 $71.06 $64.09 $60.39 54.7% 31.0% 18.1% 11.3%
33 $95.00 $83.93 $115.14 | $103.85 | $97.85 11.6% 21.2% 9.3% 3.0%
34 $57.07 $83.83 $78.51 $71.36 $67.24 46.9% 37.6% 25.0% 17.8%
35 $67.23 $83.83 $81.30 $73.90 $78.10 24.7% 20.9% 9.9% 16.2%
36 $70.06 $83.83 $93.71 $85.18 $90.03 19.7% 33.8% 21.6% 28.5%
37 $66.01 $83.83 $65.38 $59.43 $62.82 27.0% 1.0% 10.0% 4.8%
38 $80.25 $83.83 $72.83 $66.20 $69.97 4.5% 9.2% 17.5% 12.8%
39 $56.00 $83.83 $70.21 $63.82 $62.42 49.7% 25.4% 14.0% 11.5%
40 $66.86 $83.83 $70.40 $63.99 $62.59 25.4% 5.3% 4.3% 6.4%
41 $63.00 $83.83 $72.41 $65.82 $62.01 331% 14.9% 4.5% 1.6%
42 $69.75 $83.83 $75.10 $68.26 $72.15 20.2% 7.7% 2.1% 3.4%
43 $53.25 $83.83 $66.48 $60.43 $56.93 57.4% 24.8% 13.5% 6.9%
44 $55.82 $83.83 $69.10 $62.81 $66.39 50.2% 23.8% 12.5% 18.9%
45 $55.79 $83.83 $71.38 $64.89 $68.58 50.3% 27.9% 16.3% 22.9%
46 $90.25 $83.83 $71.23 $64.75 $63.32 7.1% 21.1% 28.3% 29.8%
47 $83.92 $83.83 $77.67 $70.60 $74.62 0.1% 7.4% 15.9% 11.1%
48 $55.00 $83.83 $72.84 $66.21 $64.76 52.4% 32.4% 20.4% 17.7%
49 $85.00 $83.83 $102.09 $92.80 $87.43 1.4% 20.1% 9.2% 2.%%
50 $60.58 $82.52 $69.64 $63.30 $61.91 36.2% 15.0% 4.5% 2.2%
51 $81.25 $82.52 $82.22 $74.73 $73.09 1.6% 1.2% 8.0% 10.0%
52 $80.46 $82.52 $86.63 $78.74 $83.23 2.6% 7.7% 2.1% 3.4%
53 $115.00 | $82.47 $86.75 $78.86 $74.30 28.3% 24.6% 31.4% 35.4%
54 $79.20 $82.47 $95.46 $86.77 $81.75 4.1% 20.5% 9.6% 3.2%
55 $74.90 $82.47 $94.08 $85.51 $90.38 10.1% 25.6% 14.2% 20.7%
56 $82.60 $82.47 $85.88 $78.06 $82.51 0.2% 4.0% 5.5% 0.1%
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Table 51 Moving-Cross Validation Calculations Summary of Results (Cont.)

Project Actual UP Estimated Unit Price Average Percentage Error
($/Ton) |MWCV1 | MWCV2 | MWCV3 |MWCV4 | MWCV1 | MWCV 2 | MWCV 3 | MWCV 4
57 $110.92 $82.47 $88.16 $80.13 $75.50 25.7% 20.5% 27.8% 31.9%
58 $77.50 $82.47 $79.01 $71.82 $75.91 6.4% 2.0% 7.3% 2.0%
59 $81.08 $82.47 $77.63 $70.57 $74.59 1.7% 4.2% 13.0% 8.0%
60 $78.86 $82.47 $76.18 $69.25 $73.19 4.6% 3.4% 12.2% 7.2%
61 $88.11 $82.47 $76.72 $69.74 $73.71 6.4% 12.9% 20.9% 16.3%
62 $56.50 $82.47 $69.98 $63.61 $59.94 46.0% 23.9% 12.6% 6.1%
63 $72.62 $81.65 $86.97 $79.42 $74.83 12.4% 19.8% 9.4% 3.0%
64 $64.00 $81.65 $72.96 $66.63 $65.16 27.6% 14.0% 4.1% 1.8%
65 $65.19 $81.65 $68.65 $62.69 $66.26 25.3% 5.3% 3.8% 1.6%
66 $80.02 $81.65 $89.03 $81.29 $85.92 2.0% 11.3% 1.6% 7.4%
67 $63.68 $81.65 $67.25 $61.41 $60.06 28.2% 5.6% 3.6% 5.7%
68 $54.45 $81.65 $70.96 $64.80 $61.05 50.0% 30.3% 19.0% 12.1%
69 $60.00 $81.65 $74.13 $67.69 $66.21 36.1% 23.6% 12.8% 10.3%
70 $85.65 $81.65 $97.38 $88.92 $83.78 4.7% 13.7% 3.8% 2.2%
71 $59.75 $81.65 $70.49 $64.37 $60.65 36.7% 18.0% 7.7% 1.5%
72 $56.14 $81.65 $72.50 $66.21 $64.75 45.4% 29.1% 17.9% 15.3%
73 $56.00 $81.65 $74.78 $68.29 $72.18 45.8% 33.5% 21.9% 28.9%
74 $60.00 $81.65 $79.51 $72.60 $68.40 36.1% 32.5% 21.0% 14.0%
75 $84.33 $80.66 $70.04 $63.96 $67.60 4.4% 16.9% 24.2% 19.8%
76 $62.41 $80.66 $73.80 $67.39 $71.23 29.2% 18.2% 8.0% 14.1%
77 $72.25 $80.66 $77.59 $70.85 $66.75 11.6% 7.4% 1.9% 7.6%
78 $87.25 $80.66 $74.72 $68.23 $66.73 7.6% 14.4% 21.8% 23.5%
79 $68.86 $80.66 $80.89 $73.86 $69.59 17.1% 17.5% 7.3% 1.1%
80 $70.13 $80.12 $86.50 $79.06 $74.49 14.2% 23.3% 12.7% 6.2%
81 $88.33 $80.12 $89.15 $81.48 $86.12 9.3% 0.9% 7.8% 2.5%
82 $75.00 $80.12 $92.58 $84.61 $82.75 6.8% 23.4% 12.8% 10.3%
83 $78.00 $80.12 $80.32 $73.40 $77.59 2.7% 3.0% 5.9% 0.5%
84 $56.85 $80.12 $77.82 $71.13 $69.56 40.9% 36.9% 25.1% 22.4%
85 $106.26 | $80.12 $100.39 $91.75 $96.98 24.6% 5.5% 13.7% 8.7%
86 $70.64 $80.12 $75.28 $68.80 $72.72 13.4% 6.6% 2.6% 2.9%
87 $92.00 $80.12 $79.26 $72.44 $68.25 12.9% 13.8% 21.3% 25.8%
88 $80.30 $80.12 $89.60 $81.89 $77.15 0.2% 11.6% 2.0% 3.9%
89 $66.00 $80.12 $82.24 $75.16 $73.51 21.4% 24.6% 13.9% 11.4%
90 $57.24 $80.12 $74.55 $68.13 $66.64 40.0% 30.2% 19.0% 16.4%
91 $61.23 $80.12 $72.48 $66.24 $70.02 30.9% 18.4% 8.2% 14.3%
92 $56.95 $80.12 $66.70 $60.96 $57.43 40.7% 17.1% 7.0% 0.9%
93 $115.00 $80.12 $102.15 $93.36 $98.68 30.3% 11.2% 18.8% 14.2%
94 $73.11 $80.12 $85.21 $77.87 $73.37 9.6% 16.5% 6.5% 0.4%
95 $73.23 $79.85 $80.33 $71.74 $67.60 9.0% 9.7% 2.0% 7.7%
96 $58.50 $79.85 $66.34 $59.25 $55.8 36.5% 13.4% 1.3% 4.6%
97 $90.00 $79.85 $75.06 $67.03 $70.85 11.3% 16.6% 25.5% 21.3%
Mean Absolute Percentage Error (MA]  21.6% 16.6% 12.5% 11.3%
Standard Deviation of Absolute Percentage E| 16.2% 10.9% 8.21% 9.1%

Note: MWCV 1 = Dimensionless;
MWCYV 2 = Scale Dimension;
MWCYV 3 = Scale plus Time Dimension;
MWCYV 4 = Scale, Time, plus Location Dimension.

5.3 Analysis of Scale Dimension

Table 52 shows the MAPE and standard deviation values for the first two Méa@ldions,
the dimensionlessalculationand thecalculationthat consider the scale dimension. This table also
shows theresults of the statistical analysis conducted to compaeresults between these two

calculations Two different statistical significaecests were used to compare these results. The paired
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two-sample itest was first used to determine the level of significance in accuracy improvement
(reduction of MAPE), while the Fest was used to assess the improvement in reliability. The paired
two-sample ttest was appropriate in this case because both M\&&ldulatiors were applied to each

of the 97 testing project.

The results of this analysis revealed that both the 23.10% and 32.94% improvements in
estimating accuracy and reliability, respectigan be considered statistically significavith a 1%
significancelevel (paired test pvalue = 1.38x10; F-test pvalue = 5.77x10). It allows to strongly
conclude that the use of ndinear models in the scale dimension significantly improves thaating
effectiveness for the case study itdaguation 5.1 and.8 show the mathematical calculation used
between MWCYV calculations to measure the improvement in accuracy and reliability using the MAPE

and standard deviation values of APEs, respectively.
)y I POT ORI AAIADDOAAL——— pmnmbEqg51
)y I DOT ORRARITIEAAEFEOUp P  Eq.52
Where:- | 0 %=Mean Absolute Percentage ERMWCV Calculation i+1
0 © 0 ©Mean Absolute Percentage ERMIWCV Calculation i
“Y'O = Standard Deviation of Absolute Percentage E+kdv8CV Calculation i+1

"Y'G= Standard Deviation of Absolute Percentage E+kdv8CV Calculation i

Table 52 Dimensionless v&cale Dimension MWCV Results

Standard Deviation
MARE of APEs
MWCYV 1 - Dimensionless 21.620 16.18%
MWCV 2 - Scale 16.626 10.8%6
Dimension
Reduction 23.100 32.940
Significance of - -
Statistically Statistically
0,
AEHETEL £ L Significant Significant
Significance Level
p-value <1% <1%
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5.4 Analysis of Time Dimension

This section presents a comparaavalysidetween the second and third MWCalculatiors
following a similar approach and the same statistical techniques described in the &&ctitore
specifically, the analysis in this section was intended to determine if the time adjustments made with
the quarterly CCIS significantly improved cost estimating effectiveness for the case studjhigem.
result of this analysis are show Tiable 5.3. Once again, the statistical analysis showed statistically
significant improvements in accuracy and reliability as projects move forward in thelthmessional
cost estimating system. This time, the significant estimating improvement was achieretheft
incorporation of the timdimension, with a MAPE and standard deviation improvement of 24.70% and
23.33%, respectivelgEquation 51 and Equation £). These improvements are deemed significant at
a significance level of 1% (pairededst pvalue =6.15x10°; F-test pvalue = 3.39x186), confirming the
importance of adjusting bidased estimates to counteract the impact of inflation and construction
market fluctuations.

Table 53 Scale Dimension vs. Time DimensiokWCV Results

Standard
MAPE Deviation
of APEs
MWCV 2 i Scale 16.62% 10.85%
Dimension
MWCV 3 - Scale+ time 12.52% 8.21%
Dimension
Reduction 24.70% 24.33%
ﬁ];gr:gl\f::g;f ;t 19 Statistically Statistically
. P o 0 Significant Significant
Significance Level
p-value <1% <1%

5.5 Analysis of Location Dimension

This section presents the statistical comparative analyses betwékindtaed fourth MWCV
calculatiors. Thefourth and last calculatiowas intended to determine the improvement in cost

estimating effectiveness offetdy the LCI. The results ohis analysis are show in Table 5Fhe
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paired twesample {test revealed a further improvement in cestimating accuracy due to the

adjustments for location. There was a statistical significance reduction of 9.61% in PE Wdue

(Equation 51 and Equation &). On the other hand, the results showed an increase in the standard

deviation of the APEs, which would suppose a reduction of 11(&8f4ation 51 and Equation &) in

the level of reliability after using the LCI. M@&ver, the Rest did not show this reduction as statistically

significant. Therefore, this study can conclude that the implementation of the LCI would have a

significant positive i mpact on ALDOT®Gs

estimating reliability.

Table 54 Time Dimension vs. Location DimensioMWCYV Results

Standard Deviation

LIPS of APEs
M_\NCV_3 - Scale+ time 12 5%% 8.21%
Dimension
M\NCV_4 I Scale+ Time + 11.31% 9.12%
Dimension
Reduction 9.61% -11.08%
ﬁri‘gr:gi\(/::;(;en?;t 104 Statistically Not Statistically

npro 0 Significant Significant

Significance Level
p-value <1% >1%

5.6 Distribution of Percentage Errors

constru

Finally, after the development and successful validation of the system, ALDOT should develop

the distibution of percentage errors to be used during the eventual implementation of theteystem

produce stoclsdic estimates for actuaitended projectsas explained in Chapter #able 5.5shows

the percentage errocalculatedfor each of the testing pmgts using Equatiof-3. The percentage

errors are obtainedsing the estimated unit prices produced by the ttireensional cost estimating

system, which in the case of this thesis, would be the unit prices yielded by ttedakitionof the

MWCV process. Figure 51 corresponds to the empirical probability distribution built with the

percentage errors listed in T&b5.5
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Table 55 Time Dimension vs. Location DimensioMWCYV Results

Actual Estimated Percentage Actual Estimated Percentage
Project Unit UP MWCV Error Project Unit UP MWCV Error
Price 4 Price 4
1 $115.00 $71.76 60.2% 50 $60.58 $61.91 -2.2%
2 $108.98 $106.36 2.5% 51 $81.25 $73.09 11.2%
3 $60.00 $64.19 -6.5% 52 $80.46 $83.23 -3.3%
4 $70.00 $69.85 0.2% 53 $115.00 $74.30 54.8%
5 $87.77 $88.26 -0.6% 54 $79.20 $81.75 -3.1%
6 $67.10 $59.69 12.4% 55 $74.90 $90.38 -17.1%
7 $88.75 $76.23 16.4% 56 $82.60 $82.51 0.1%
8 $89.06 $68.26 30.5% 57 $110.92 $75.50 46.9%
9 $64.34 $68.01 -5.4% 58 $77.50 $75.91 2.1%
10 $80.00 $72.83 9.9% 59 $81.08 $74.3 8.7%
11 $53.89 $60.12 -10.4% 60 $78.86 $73.19 7.7%
12 $80.00 $98.85 -19.1% 61 $88.11 $73.71 19.5%
13 $79.16 $68.74 15.2% 62 $56.50 $59.94 -5.7%
14 $87.38 $82.05 6.5% 63 $72.62 $74.83 -3.0%
15 $72.75 $60.24 20.8% 64 $64.00 $65.16 -1.8%
16 $69.85 $6970 0.2% 65 $65.19 $66.26 -1.6%
17 $59.46 $67.53 -11.9% 66 $80.02 $85.92 -6.9%
18 $71.06 $67.87 4.7% 67 $63.68 $60.06 6.0%
19 $78.10 $68.33 14.3% 68 $54.45 $61.05 -10.8%
20 $62.77 $80.64 -22.2% 69 $60.00 $66.21 -9.4%
21 $78.77 $65.78 19.8% 70 $85.65 $83.78 2.2%
22 $62.90 $63.09 -0.3% 71 $59.75 $60.65 -1.5%
23 $66.00 $70.05 -5.8% 72 $56.14 $64.75 -13.3%
24 $65.87 $71.28 -7.6% 73 $56.00 $72.18 -22.4%
25 $58.00 $75.55 -23.2% 74 $60.00 $68.40 -12.3%
26 $72.15 $84.34 -14.5% 75 $84.33 $67.60 24.8%
27 $79.15 $60.59 30.6% 76 $62.41 $71.23 -12.4%
28 $68.85 $58.55 17.6% 77 $72.25 $66.75 8.2%
29 $64.99 $65.54 -0.8% 78 $87.25 $66.73 30.7%
30 $75.75 $71.74 5.6% 79 $68.86 $69.59 -1.1%
31 $82.50 $71.00 16.2% 80 $70.13 $74.49 -5.9%
32 $54.25 $60.39 -10.2% 81 $88.33 $86.12 2.6%
33 $95.00 $97.85 -2.9% 82 $75.00 $82.75 -9.4%
34 $57.07 $67.24 -15.1% 83 $78.00 $77.59 0.5%
35 $67.23 $78.10 -13.9% 84 $56.85 $69.56 -18.3%
36 $70.06 $90.03 -22.2% 85 $106.26 $96.98 9.6%
37 $66.01 $62.82 5.1% 86 $70.64 $72.72 -2.9%
38 $80.25 $69.97 14.7% 87 $92.00 $68.25 34.8%
39 $56.00 $62.42 -10.3% 88 $80.30 $77.15 4.1%
40 $66.86 $62.59 6.8% 89 $66.00 $73.51 -10.2%
41 $63.00 $62.01 1.6% 90 $57.24 $66.64 -14.1%
42 $69.75 $72.15 -3.3% 91 $61.23 $70.02 -12.5%
43 $53.25 $56.93 -6.5% 92 $56.95 $57.43 -0.8%
44 $55.82 $66.39 -15.9% 93 $115.00 $98.68 16.5%
45 $55.79 $68.58 -18.7% 94 $73.11 $73.37 -0.4%
46 $90.25 $63.32 42.5% 95 $73.23 $67.60 8.3%
47 $83.92 $74.62 12.5% 96 $58.50 $55.83 4.8%
48 $55.00 $64.76 -15.1% 97 $90.00 $7085 27.0%
49 $85.00 $87.43 -2.8% - - - -
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Distribuion of Percentage Errors - Item 424A360
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Figure 51: Probability Distribution of Percentage ErroiisCase Study Item.

Even though this empirical probability distribution could be perfectly used to produce
stochastic estimaseby multiplying it by the deterministic output of the thiimensional system, it is
important to consider that this distribution is to be saved by ALDOT and distributed among estimators
across the state. Sharing an empirical probability distributiaisually more complicated thavhen
using a standard distribution with two or three parameters. For example, if ALDOT uses a normal
distribution instead of the empal distribution in Figure 3, all the information to be saved for future
use and to be sined among the estimators would be the mean and standard deviation values of the
distribution.

Thus, in the last step of the research presented in this thesis, the author usegdbarehi
goodness of fit statistical test to infer the most suitabledatainprobaliity distribution for Figure 5l.

This test was conducted using @Risk, a statistical software package that fadilégiesformance of

this test to find the most suitable distribution among several possible options. This test found that the
distribution of percentage errors for the case study item most probably followstrame value

d stribution, which is defined by two parameter
p a r a me Theextremeba)ue dstribution that best fits tnempirical distribution of percentageans

is illustrated in Figure 5.6The alphaandbeta parameters for this distributions é3€49 and 0.125,

respectively
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Distribuion of Percentage Errors - Item 424A360

Extreme Value Distribution (alpha = -0.049; beta = 0.125)

Probability Density
g - b [l w w by
o (%] o w (=] w o

e
v

o
o

- o m
(=] (=] =]

0.3
0.2
0.1
0.0
0.4
0.5
0.6
0.7

Percentage Error

Figure 52: Extreme Value Distributioih Case Study Item.

At this point, ALDOT could start using the proposed thaaeensional cost estimating system
to estimate unit costs for the case study item, and the extiadoeedistribution in Figure.8to convert
the deterministic outputs of the system into stochastimates by multiplying them by this distribution.
Different pay items may have different typegefcentage error distributions, and it must be noted that
the ruledor arithmetic operations between constants and probathigityybutionmayvary amonghem.
Equation 53 shows how tause the deterministic estimate and éxtreme value distributioof the
percentage errors to produce an extreme value distribution for the final stochastic estimate for the case
study item

"YO 00 p Ow n Ow N OwO0O p | MO T Eqg. 53

Where:SE= Stochastic Estimate

DE= Deterministic Estimate

EV( M )= Extreme Value Distribution of Probability Errors

EV( M )= Extreme Value Distribution for Stochastic Estimate

If for example, ALDOT wants to develop a stochastic estimate for the case study item in a

project for which the thredimensional system has estimated a deterministic unit priceddb®8the
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alpha and beta values of the stochastic estimate would be 76.08 Y Tt p

10.00 T

T8t T w and

Y 1T T ¢ yrespectively. This stochastic eséita is illustrated in Figurg 3, which also

shows that ALDOT can be 75% sure thatuing price for the case study item ingleontract will not

be more thar$88.5/ton. Similarly, ALDOT could use this stochastic estimate to make management

decision at difference confidence levels.

a) Stochastic Cost Estimate
Extreme Value Distribution (alpha = 76.08; beta = 10.00)
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b) Stochastic Cost Estimate
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86.4

70.0%

30.0%

5
60
7
80
o
(]
10
120
130

HMA Unit Price ($/ton)

c) Stochastic Cost Estimate
Extreme Value Distribution (alpha = 76.08; beta = 10.00)
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d) Stochastic Cost Estimate
Extreme Value Distribution (alpha = 76.08; beta = 10.00)
105.8

95.0%

=] o o
@ = =] -
-

50
0
70
0
120
130

-

HMA Unit Price ($/ton)

Figure 53: Stochastic Cst Estimaté Example.

The confidence levels in Figure 4.3 have been arbitrarily selected for illustration purposes. It is

reasonable to assume that estimators would not use confidence levels below 50% for any project given

that the probability of underfaling the project would be higher. Other than that, there is no objective

way to establish the optimal confidence level for a given project. This is usually a subjective decision

made by estimators based on their previous experiences and on their lemdedtanding of the

specific project requirements. Further research efforts should be aimed to develop mechanisms to guide

STA estimators in the effective selection of confidence level in stochastic estimates.
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5.7 Summary

This chapter presented a criticalatysis of the results obtained from the four MWCV
calculations conducted to validate the effectiveness of the proposediitmesgsional cost estimating
system. The MAPE and standard deviation of APEs were calculated after running each MWCV
calculation onall 2016 projects using the case study item. The results of the validatioesprare
summarized in Figure.®. The comparison of MAPE and standard deviation values between MWCV
calculations showed a significant improvement in estimating accuracy amdbiliggli with the
incorporation of each dimension. The negative improvement in reliability between the third and fourth
MWCYV calculations (MWCV 3 and 4) indicates that there was no actual improvement in reliability
after including the location factor in tisgstem. On the contrary, the level of reliability decreased after
considering this dimension. However, a statistical analysis revealed that the increase in the standard
deviation between these two calculations was not statistically significant, unlikegh@ement in
accuracy observed between the same two calculations. It allows this study to conclude that the location
dimension also has a positive impact on cost estimating effectiveness, by significantly improving
accuracy without affecting estimatingliability. It should be noted that all other reductions in MAPE
and standard deviation values have proven to be statistically significant, resulting in an overall

significant improvement of 47.7% and 43.6% in accuracy and reliability, respectively.
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Accuracy Reliability

(MAPE) (Standard Deviation)
MWCV 1
Dt 21.6% 16.2%
| |
v v
MWCV 2
ek 16.6% 10.9%
I I
MWCV 3
Scale + Time 12.5% 8.2%
I Improvement
-11.1%

Not Statistically Significant

MWCV 4
Scale + Time + Location 113% 9.1%

Total Improvement 47.7% 43.6%

Figure 54:MAPE and Standard Deviation of APEs for each MWCV.

This chapter finished with a calculation of a stochastic HMA unit price estimate for a
hypothetical project, including some examples on how to use the stochastic eestitdat various
confidence levels. This chapter has also concluded the presentation of the research efforts undertaken
by the author before compiling in the next chapter all major findings and contributions made in this

study.
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CHAPTER SIX:
CONCLUSION AND RECOMMENDATION

This thesis has presented the exhaustive research efforts undertaken for the development of a
stochastic thredimensional cost estimating system for ALDOT. The three dimensions in this system
are associated with three major factondluencing the estimation of construction costs in the
transportation industry: 1) scale; 2) time; and 3) location. The-tirmensional system is actually part
of a larger bicbased cost estimating framework that incorporates another importasimfiuostcing
factor, estimating uncertainty. This additional factor was considered by developing a distribution of
percentage errors with the results from the validation process during system development. This
distribution is intended to be used during the dcimglementation of the system to quantify the
uncertainty associated with each deterministic estimate produced by thelithessional system.

Level of competition was also considered as one of thedciven factors in the proposed methodology,
but theassessment of this factor revealed no substantial changes in levels of competition across the state
of Alabama,; therefore, this factor was discarded. All-aaffiencing factors were assessed using bid

data from all projects awarded by ALDOT between 2806 2016 (3,661 projects).

The relationship between HMA prices across the state of Alabama and the scale, time, and
location dimensions was modeled usingiorar regression techniques, a quarterly indexing approach,
and a location cost index,gectively, to estimate HMA unit prices at the pay item level. To facilitate
the implementation of the proposed methodology by ALDOT, all the elements of the system were
integrated throughthefort ep framewor k outl ined bphthsdfour ALDOTOS

step framework after having calculated the expected amount of HMA required for an intended project.

1 Step 1i Scale DimensionDefine an optimal lookack period for data retrieval following the
protocol proposed by Pakalapati (2018) and dgvalnordinear regression model to correlate
the historical unit prices contained in the ldmkck period with their respective quantities of
work. Use this regression model to generate a deterministic HMA cost estimate for the expected

amount of HMA to le placed in the current project.
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1 Step 2i Time Dimension: Assuming that the deterministic estimate obtained from Step 1 is
valid at the miepoint of the lookback period; use a quarterly CCIS to adjust this estimate for
inflation and any other price flucitions that may have happened between thepiiat of the
look-back period and the current date. This step provides deterministiadimsted estimates.

1 Step 371 Location Dimension: The deterministic timadjusted estimate from Step 2
corresponds ta state average value since the historical projects in thebldkperiod were
awarded all across the state and the quarterly CCIS has been designed to be applied at the state
level. Thus, the proposed LCI is then applied to adjust the estimate forra teéipe specific
region in which the current project is intended to be executed. For location indexing purposes,
this study has divided the state of Alabama into three geographic regions: north, central, and

south.

Validation was systematically perfoed through multiple calculations of an innovative
MWCYV process intended to demonstrate and quantify the improvement in estimating accuracy and
reliability offered by each of the three dimensions. The improvement offered by each dimension refers
to the incease in estimating accuracy and reliability measured after incorporating the dimension into a
system that was not considering it before. Four MWCYV calculations were performed for a case study
item, which is the most r elpejedsniHMAipay gem 424A360AL DOT 0 s

The following are the results for each MWCV calculation for the case study item:

1 MWCV 171 Dimensionless:
-  MAPE = 21.6%
- Standard Deviation of APEs = 16.2%
T MWCV 2 i Scale Dimension:
-  MAPE = 16.6% Statistically significanimprovement in accuracy in comparison to
the dimensionless MWCV.
- Standard Deviation of APEs = 10.9%. Statistically significant improvement in
reliability in comparison to the dimensionless MWCYV.

T MWCV 3 i Scale plus Time Dimension:
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- MAPE = 12.5% Statisically significant improvement in accuracy in comparison to
the MWCYV calculation for the scale dimension.

- Standard Deviation of APEs = 8.2%. Statistically significant improvement in reliability
in comparison to the MWCYV calculation for the scale dimension

T MWCV 4 i Scale plus Time plus Location Dimension (Thre®imensional Cost
Estimating System):

- MAPE = 11.3% Statistically significant improvement in accuracy in comparison to
the MWCYV calculation for the scale plus time dimension.

- Standard Deviation oAPEs = 9.1%. There is no enough evidence to prove a
statistically significant reduction in reliability in comparison to the MWCYV calculation

for the scale plus time dimension.

The results summarized before allowed the author to conclude that each odetdirtiensions
would be expected to significantly improve HMA cost estimating effectiveness in terms of accuracy
and reliability. Even though the fourth MWCV calculation, with all three dimensions, revealed an
increase in the standard deviation of APEsraificorporating the location dimension, a statistical F
test found that there is no evidence to prove that this increase corresponds to a significant reduction in
the level of reliability. Therefore, it would be reasonable to conclude that the usepodplosed LCI
would have a significant positive impact on HMA cost estimating accuracy without significantly

affecting estimating reliability.

A comparison between the estimating performance of the first and fourth MWCYV calculations
showed an overall statically significant improvement of 47.7% and 43.6% in accuracy and reliability,

respectively, as a result of the integration of the scale, time, and location dimensions.

The thesis also presents an example of the calculation of a stochastic estimaigfiihetical
project using the case study item by combining its deterministic estimate from thelithemsional
cost estimating system with the distribution of percentage errors obtained from the validation process
presented in this thesis. Finallystiould be noted that besides proving the importance of considering

scale, time, location, and uncertainty impacts on HMA cost estimating, this thesis has also proven the
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effectiveness of the tools used to model these impacts, as well as the effectofethestourstep
framework used to combine these factors. The consideration of these factors only improves cost
estimating effectives if each factor is properly assessed, modeled, and integrated into the estimating

process, as demonstrated in this thesis.

6.1 Study Limitations

The following are the main limitations associated with this study, which must be considered
when interpreting the results presented in this thesis and during the implementation of the proposed cost

estimating methodology:

1 The cost eimating system presented in this thesis is intended to maximize accuracy and
reliability on the estimation of original contract amounts. It is not aimed to estimate construction
costs at project completion, which may differ from original contract amaoluetso scope creep,
design errors or omissions, differing site conditions, and/or change orders issued by ALDOT
during the project construction phase.

1 The specific quantitative results presented in this study are only applicable to the case study
item in contracts to be awarded by ALDOT. However, every step of the study is presented in
great detail to make it possible for ALDOT to develop and implement this methodology for

other pay items.

6.2 Recommendations for Future Research

During the study, thauthor identified a number of research questions that should be considered

in future studies. These questions are outlined below:

1 What factors are causing the HMA price difference between geographic regions in Alabama?
- The LCIl developed in this study realed significant differences in HMA prices across

the state of Alabama. However, the factors causing price differences among geographic
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regions have not been clearly defined at this writing. A better understanding of these
factors could help to improve tiperformance of the cost estimating system proposed
in this thesis.
1 What factors are causing the HMA price difference between geographic regions in Alabama?
- The LCIl developed in this study revealed significant differences in HMA prices across
the state bAlabama. However, the factors causing these differences among geographic
regions have not been clearly defined at this writing. A better understanding of these
factors could help to improve the performance of the cost estimating system proposed
in this thesis.
1T Does fAlevel of competitiond actwually i mpact |
- In this study, the impact of level of competition on HMA prices was assumed to be
related to the number of vendors competin
geographic reigns. No substantial differences were found on the average number of
vendors per project per region; therefore, this factor was not considered in the proposed
cost estimating system since it was assum
However, theauthor recognizes that further research is needed on this area given that
the level of competition is not only a result of the number of vendors competing on a
project. In fact, the level of competition is relative to the perception of each bidder.
Even tlough an anticipated large number of bidders may drive vendors to submit lower
price proposal, there are other factors that may have a similar effect. Some of those
factors could be anticipated competitors with access to cheaper
suppliers/subcontractors wr more coskffective materials or construction methods.
1 How the proposed cost estimating system would perform for other pay items different from the
case study item?
- The proposed MCVW approach has positively proven the ability of the proposed cost
estmmt i ng methodology to improve ALDOTG6s H

accuracy and reliability. However, the validation process was only conducted on a
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single relevant HMA item. Further research is needed to determine if the proposed
system would have a silar effect on cost estimating procedures for other HMA pay

items used in ALDOT paving projects.

How the proposed cost estimating system would perform for other pay items different from the

case study item?

The proposed MCVW approach has positively provenability of the proposed cost
estimating methodology to improve ALDOTS®
accuracy and reliability. However, the validation process was only conducted on a

single relevant HMA item. Further research is needed to detelifmine proposed

system would have a similar effect on cost estimating procedures for other HMA pay

items used in ALDOT paving projects.

the proposed system more effective than AI
This study measures the improvemh in accuracy and reliability offered by each
dimension by comparing the estimating performance of the system before and after
incorporating the dimensions cbg-one. The results from these comparisons have

allowed the author to conclude that the fagmnsidered in this study has the potential

to i mprove ALDOTOGs <cost estimating pract
proposed system has not been compared against the accuracy and reliability of
ALDOTG6s <current cost e dhe iauthert hednng acpessat@ t i € e ¢
ALDOTO6s esti mates. Future research shoul d
the proposed system against HMA cost esti
other to better determine the level of improvement to be expegtéd DOT if the

threedimensional cost estimating system presented in this thesis is implemented.

How can an estimator determine the optimal confidence level to set a cost estimate for a given

project using a stochastic estimate?

By the end of the thés the author presents some general scenarios that may lead to

higher or lower confidence levels during the interpretation of stochastic estimates.
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However, further research is required towards the development of objective confidence

levels according tdie specifics of each project.
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