UNIVERSITY OF OKLAHOMA

GRADUATE COLLEGE

STOCHASTIC LIFE CYCLE COST ANALYSIS MODEL FOR SUSTWNABLE

PAVEMENT PRESERVATION TREATMENTS

A DISSERTATION
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfilment of the requirements for the
Degree of

DOCTOR OF PHILOSOPHY

By

DOMINIQUE M. PITTENGER
Norman, Oklahoma
2012



STOCHASTIC LIFE CYCLE COST ANALYSIS MODEL FOR SUSTRABLE
PAVEMENT PRESERVATION TREATMENTS

A DISSERTATION APPROVED FOR THE
DEPARTMENT OF ENGINEERING

BY

Dr. Musharraf Zaman, Chair

Dr. Douglas Gransberg, Co-Chair

Dr. Christopher Ramseyer

Dr. Thomas Kang

Ms. Tamera McCuen



© Copyright by DOMINIQUE M. PITTENGER 2012
All Rights Reserved.



This work is dedicated to the One who holds atlarstanding, knowledge and
wisdom (Isaiah 40:14) and imparts it at will (Prdw&2:6). Great is thlaORD, and

greatly to be praised (Psalms 48:1).

It is dedicated to those with whom | have beeisd®dd; those He has given to be
my daily SOJOURNING companions that make “hangmthere” much more
enjoyable:

To my love Kenneth, who reminds me that something less thastand-seed-
size faith is SUFFICIENT; thatothing is impossibleith a teeny-tiny bit of faith
(Matthew 17:20), not even a dissertation. In mgspabsence from my domestic
duties, he has gained a new appreciation for hoshnaundry a family of five can
generate. And how much food we can eat. And hawimhouse we can mess up. And
how many school-related activities we can generbite has provided relative sanity on
the home front in the interim and a swaehed-out-goodSMILE at the end of many
days and in perfect sufficiency.

To my babies, who FREELY give hugs and kissegdbmommy’s day[s]
started”. To my AMAZING Gracie, who has been mgajest encourager, with her
biggest of hearts and sweetest of souls. Shetkayse have missed two “girl’s
day[s]” since | started writing this, and | tellritbat | have surely missed them!! We
will over-the-top make them up to ourselves. Tohmiper, Isaiah, whose sweet
TENACITY contributes to his volunteering beyond bigrent capacity (such as
offering to write this for me). He inspires me wkiis exploratory mind and incessant
stream of questions about the world around himd @itling, we will both be
graduating in May (he from kindergarten). To myegtainer, Luke(as), who does
“TWICKS” to make mommy laugh. | have been writitings work for most all of his
four-year-old life and his comic relief has bespot-on My babies are truly a gift,
reward and blessing (Psalm 127:3) and their indiziénd collective
CONTRIBUTIONS to this process are innumerable.

To my parents, who provide my home-base. To mynMielena Gleason, my
life mentor who has been my GREATEST teacher. She hadéaksiil me the only
thing worth knowing: thaauthenticlife is only realized through FAITH, and by
extension, education. She has been the tireledlgess and driving force behind



everything that | am (I Corinthians 3:7). To corapd blessing, shgrandmasmy
babies, and is owyrellow butterfly And as it turns out, the wolditterflywas inspired
by the yellow butterfly because “it looked like tart (there’s my food reference;
seriously,Googleit!). She has continually offered her true and UNNDITIONAL

love (Proverbs 31), in spite of my shortcomingsadAo my Dad, Robert Gleason, who
CONTINUALLY supports my pursuits. To compound ldiesy, hepapasmy babies
with his open home and famous pancakes that “better than mommy’s”.

To my Mamadee and Papa, Iva and Ken Terrell, wa@elebrating their 62
wedding anniversary on this very day. Our weekBetingover the last three decades
have been an INTEGRAL part of my development. Téeg they would sign the
signature page in the event that the panel does not

To others whalailywalkwith me: Tiffy/Chris, Rory/Anna, Bobby/Angie,
Tony/Erin, Tryndybug, Tyler, Ashton-bear, Abby, KgtRory Evan, Jewllion, Bella,
Riley, Andrew and Ryan Elizabeth. And to the mammbers of my extended
FAMILY (Deanna/Jeff, Caleb and Seth; Dr. and Mrasigett, Dr. Glenne’ Whisenhunt,
Missa, Kim, Budley, Aunt Debbie/Uncle Bill, Aunt 8me/Uncle Noel [and families] et

al.); all of whom do not even realize that theydnavade a contribution.



ACKNOWLEDGEMENTS

This work is a compilation of committed works (RPedbs 16:3). Itis a
manifestation of a perfect storm: right advisoight subject and right time
(Proverbs 3:6).

Dr. Douglas Gransberg, and his wife Gwen, have bemily to my family.

Doug has been mgcademic mentoand faculty advisor since my undergraduate years.
In Fall 2008, | met with him (with my infant babyp¥yin tow) to discuss my far-in-the-
future grad school plans when he asked a quedtairshifted my course, “Why not
now?”. Ten days later, | was back in the classrdonr years later, | can marvel in
retrospect at his continugpot-onguidance. He fully invests in hthildrenand truly

has a gift for cultivating opportunity and geneydikettering the lives of everyone

around him. He is a brilliant educator and motwvatHe has taught me just as much
about getting things done as he has about how thaitn. Here’'s my 80%.

Duane Stevenson, niydustry mentorhas been my advisor since | began
working with him and his wife, Carolyn, in industoyer a decade ago. What | once
heard him say about what his brother taught himutimalustry, | like to say about him:
“He taught me everything | know, just not everythime knows”. Duane is an
extraordinary teacher and a gentle soul. He quattl generously gives of his time,
expertise and heart, and much of that is refleictedis work. | also acknowledge the
contribution that the extended Broce family has en@admy development.

Dr. Musharraf Zaman and Karen Horne have alsoradthmy doctoral studies
journey. They consistently and happily impart tiamel guidance. My COE journey

would not have been possible without them.



My co-authors have made many of the individuatg@seof this collective work
possible: Dr. Douglas Gransberg, Dr. Musharraf Zanba. Caleb Riemer, Dr. Bekir
Aktas, Dr. Christopher Ramseyer and Tammy McCu@hapter 5 contributors include:
Tammy McCuen, whose writing assignment (with sutggeseferences) blossomed into
a publication for me, and Dr. Gransberg, Dr. Sueghe and David Peshkin, who
offered time and guidance throughout the process.

| acknowledge the contribution of the panel memsbBr. Gransberg and Dr.
Zaman, who have agreed to co-chair the effort. drarivicCuen, my teacher and
teaching mentqgrwho has provided me with much insight throughoytfour-year trek
through grad school and throughout this writinggess. Dr. Christopher Ramseyer and
Dr. Thomas Kang, who have sacrificed time and ingohguidance throughout this

entire process. Thank you for your indelible ciimitions.



TABLE OF CONTENTS

1.0 INTRODUCGCTION ...ttt e e e e e e e e e e e e e ennnnns 1
1.1 BACKGROUND AND MOTIVATION......iiiiiiiitimmmeeeie e e e e e 1
1.2 RESEARCH OBJIECTIVE ..ot et n e 3
1.3 LITERATURE REVIEW ...t eeeenns 4

1.3.1 Pavement Preservation Literature.... o .coooireeeeeeniiieieee e 4

1.3.2 Pavement Texture LIterature ..........cccccoeeiiiiiiiiie e 7

1.3.3 Pavement ECONOMICS LItErature ........oecccoevviieeeeiiiiiiieeec e 10
1.4 RESEARCH METHODOLOGY ..ot 44
1.5 DISSERTATION ORGANIZATION ...t 54

2.0 COMPARATIVE TESTING OF ASPHALT AND CONCRETE

PAVEMENT PRESERVATION TREATMENTS IN OKLAHOMA ...cecciiiiiiiinn. 59
2.1 PAPER SYNOPSIS ... 59
2.2 RESEARCH METHODOLOGY ....ccooiiiiiiiiiiiiiiiiii e 59
2.3 RESULTS ..o e 64
2.4 CONCLUSIONS ... 70

3.0 ACOMPARATIVE ANALYSIS OF NET PRESENT VALUE AND

EQUIVALENT UNIFORM ANNUAL COST IN CHIP SEAL......cccoiiiiieiiieeeeeeen 71
3.1 PAPER SYNOPSIS ... e e e e e e eeeennes 71
3.2 RESEARCH METHODOLOGY ....coiiiiiiiiiiieiiee e 71

3.2.1 Continuous and Terminal Scenarios for Deteistic EUAC Model........... 73

3.2.2 Conducting EUAC LCCA on Selected TreatmentS.............ccceeeeeeeeeennnn. 77
B 3 RESULT S . 78
3.4 CONCLUSIONS ... et e e e e e e eeenennnans 86



4.0 LIFE CYCLE COST-BASED PAVEMENT PRESERVATION

TREATMENT DESIGN ...ttt sttt e e e eeaa e e e eeenmmeees 88
4.1 PAPER SYNOPSIS ...t ettt e e e e e eennmnnannes 88
4.2 RESEARCH METHODOLOGY ....ouiiiiiiiiiiie et 88

4.2.1 Deterioration MOUEIS ..........uuiiiiiiaeeeee e 89
4.3 RESULTS ... ettt e et e e e e et et e e e e e e eeeenaa e e e e 93
4.4 CONCLUSIONS ...ttt ettt e e e e et e e e e e e anmma s 98

5.0 EVALUATE AIRPORT PAVEMENT MAINTENANCE/ PRESERVAION

TREATMENT SUSTAINABILITY USING LIFE-CYCLE COST, RAW

MATERIAL CONSUMPTION AND “GREENROADS” STANDARDS ................. 99
5.1 PAPER SYNOPSIS ... .ottt ettt 99
S. 2 INTRODUCTION ..ottt et 100
5.3 BACKGROUND AND MOTIVATION.....cctttiiiiiiiimmm e 101
5.4 RESEARCH METHODOLOGY .....cooiiiiiiiiiiiiiiiiii e 106
5.5 RESULTS ot 118
5.6 CONCLUSIONS ...ttt n e e e e 121

6.0 COMPARATIVE ANALYSIS OF MACROTEXTURE MEASUREMEN

TESTS FOR PAVEMENT PRESERVATION TREATMENTS ... 122
6.1 PAPER SYNOPSIS ... ..ot 122
6.2 BACKGROUND AND MOTIVATION .....ccoiiiiiiiiiimmmccieie e 122
6.3 RESEARCH METHODOLOGY .....ciiiiiiiiiiiiiiieiiiiieie e 124
6.4 RESULTS ..ot ettt 130
6.5 CONCLUSIONS ... .. et 135

Vil



7.0 PERFORMANCE-BASED LIFE CYCLE COST ANALYSIS: AHBP SEAL

FIELD TEST CASE STUDY ...eeiiiiiiie et temmm ettt e et eeeeeenes 137
7.1 PAPER SYNOPSIS ...t 137
7.2 BACKGROUND AND MOTIVATION ... oot 137
7.3 RESEARCH METHODOLOGY ..ottt 139

7.3.1 Deterioration MOEIS............ooooii oo 140

7.3.2 Deterministic EUAC Life Cycle Cost ANalysSiS............uueeiiiiiiiiiiiieeeennnnn. 142
T4 RESULTS ..ottt e et e et e e e e e et ee e e e e e e eeenans 143
7.5 CONCLUSIONS ...ttt e e e e et e e e e eera e aneeeeeeees 145

8.0 STOCHASTIC LIFE CYCLE COST ANALYSIS FOR PAVEMEN

PRESERVATION TREATMENTS ... oot 146
8.1 PAPER SYNOPSIS ... ..ottt s e 146
8.2 RESEARCH METHODOLOGY .....coiiiiiiiiiiiiiiiiiii e 147
8.3 RESULTS ..o et 154
8.4 CONCLUSIONS ...ttt e e e e e 160

9.0 STOCHASTIC PAVEMENT PRESERVATION TREATMENT LIFE

CYCLE COST ANALYSIS ALGORITHM ...oviiiiiiiiis e 162
9.1 PAPER SYNOPSIS ... ..ottt et 162
9.2 RESEARCH METHODOLOGY ....ccooiiiiiiiiiiiiiiiii e 162
0.3 RESULTS o ettt e e 169
9.4 CONCLUSIONS ...ttt e e e e e 175

10.0 A COMPARATIVE ANALYSIS OF EUAC LCCA METHODS: A

PAVEMENT PRESERVATION TREATMENT CASE STUDY ....cccmiiiiiiiiiieeen. 176

viii



10.1 PAPER SYNOPSIS ...t 176

10.2 BACKGROUND AND MOTIVATION ....ccoiiiiiiiiii e 176
10.3 RESEARCH METHODOLOGY .....otiiiiiiiiiis i 179
10.4 RESULTS ..ottt eane s 179
10.4 CONCLUSIONS ...t e e e e e e e e eenneees 186
11.0 RESEARCH VALIDATION ....ccoiiiiiiiiiiiiiiieeee e e e eeeennnnnnees 187
11.1 INTERNAL VALIDITY ot 187
11.2 EXTERNAL VALIDITY oottt 190
11.3 CONSTRUCT VALIDITY ittt mmmm e 192
12.0 CONCLUSIONS AND RECOMMENDATIONS........oeemeiiiiiiieeeeeieiiieeeeiiiis 195
12.1 GENERAL ... 195
12.2 CONCLUSIONS ... e e e e e e e eeneeees 198
12.3 LIMITATIONS L. mmmm s 201
12.4 RECOMMENDATIONS ... mmmmm s 202
12.5 CONTRIBUTIONS ....ceeiiii e 203



LIST OF TABLES

Table 1.1 ODOT SUIVEY RESPONSES. ......iiieieeiieeeiiiiiiiiiiiiaaaaaeeeeeeaaaeeeeeeeeeeeeeenees 48
Table 2.1 Oklahoma Pavement Preservation TeStABSCHL...........uvvveiiiiiiiiieeeeeeeeeeee, 61
Table 2.2 Skid Number Cost Index Analysis of TreatimAlternatives. ...........cccccee.... 70
Table 3.1 FHWA Real Cost versus EUAC Model Inputftdt for Chip Seal. ............ 82
Table 4.1 Treatment Service Life and Average COoSt.........coouvvviiviiiiiiniiieeeeeeeenn. 92
Table 4.2 EUAC LCCA Results, CoNtiNUOUS MOUE. e ceeeeeiiiiiiiiiiiiiiiiiiaaeee e 93
Table 4.3 Comparable EUAC (Continuous Mode) and NRMKINGS. .........cevvveennnnnn. 97
Table 4.4 EUAC (Terminal Mode-Year 6) and NPV RESUL...........cccoeviiiiiiiiiiinninnne. 98
Table 5.1 Airport SUNveY RESUILS. .....ooeeiiiiieii e 108
Table 5.2 Airport Pavement Treatment LCCA INPUtARML.............cceeeeeiiiiiieiiiininnnns 111
Table 5.3 Airport Pavement Treatment Raw Materiahglimption..............ccccevveeees 114
Table 5.4 Airport and Pavement Treatment-Applicdbteenroads Credits. ............. 117
Table 5.5 Greenroads Score by Airport Pavementtifi@at. ............ccccceeeeeeeieenneennn. 118
Table 5.6 Green Airport Pavement Treatment MatriX............ccoeeeeeeviiiiiiiieeeeeennnnn, al
Table 7.1 Initial Field Test Chip Seal COStS. cacaeuriiiiiiiiiiiiiieceieeeei s 143
Table 7.2 Performance-Based Service Life ValuestFop Seal. ...........ooeeeeeeeieee. 143
Table 7.3 LCCA Values For Chip Seal Field Test B®Gt ...........ovviiiiiiiiiiii. 144

Table 8.1 EUAC LCCA Results, Deterministic MethodhaSensitivity Analysis. ... 147

Table 8.2 EUAC LCCA Results, Commodity-Based StsthaVethod.................... 155
Table 8.3 Commodity-Based LCCA Sensitivity Analystegression. ...................... 158
Table 8.4 Commodity-Based Stochastic LCCA for PRal&ation........................... 159
Table 9.1 Treatment Agency Costs Used in EUAC LCCA........ccociiiieiiiiiiiieeeeeen, 164



Table 9.2 Goodness-0f-Fit fOr PP TS, ... 168

Table 9.3 Stochastic EUAC Results, Continuous Mode..............ueeviiiiiinnieneeennnnn. 170
Table 9.4 Stochastic EUAC Sensitivity ANalySIS..........ccoovviiiiiiiiiiiiinieeeeeeeeeee 173
Table 9.5 Stochastic EUAC Results, Terminal Mode.............coooooiiiiiiiiiiiiiicennnn. a7
Table 10.1 Deterministic LCCA RESUILS. ......uueeeeiiiiiiieeeeeeii e 180
Table 10.2 Deterministic and Stochastic EUAC CONBOAK...............ccoevveeeeeerinennnnnns 180
Table 10.3 Performance-Based Service Life Value®RI Field Tests. .................. 181
Table 10.4 Performance-Based Stochastic EUAC ResuUlt..........cccceevviiiieiiiiinn. 182
Table 10.5 LCCA Sensitivity to LCCA SelecCtion...........ceeveeeiiieeiiiiiiiieeeiiiiiienens 185
Table 11.1 Average MTD values for test SECHONS..cc......ceveeviiiiiiiieeieiiiiii e 192
Table 11.2 External Validation Model ReSUItS..........coevvviiiiiiiiiiieeiies 192
Table 11.3 Construct Validity. ..........uuuuimmciiiiiiiiiiieiii e 193

Xi



LIST OF FIGURES

Figure 1.1 Proactive Pavement Preservation Appreacsus Reactive Approach

(Davies and Sorenson, 2000). ....... ... e eeeeeeeeeeeeeeeeaarrr e ea e e e e aaaaaaeas 5
Figure 1.2 Deterministic LCCA with Point Estimates Input Values. ....................... 21
Figure 1.3 Deterministic LCCA OULPUL. ...t 21
Figure 1.4 Probabilistic Outcome Distributions (FAYZ003). .........eeiiiiiiiieeeeeeinieeeee. 24
Figure 1.5 Normal Distribution Definition and lllwmation (Montgomery, 2009)......... 25
Figure 1.6 Normal Distribution Probability InterggMontgomery, 2009)................... 26
Figure 1.7 Triangular Probability Distribution Grap and Equations.......................... 27
Figure 1.8 Computation of NPV using probability amhulation..........................o 28
Figure 1.9 Standard Analysis Period, One Major Réit@ion Accommodated......... 39
Figure 1.10 Analysis Period Set to Shortest-LifeeAlative. ...............ccccciiiiinnnne. 39.
Figure 1.11 Analysis Period Set to Longest-Lifeefiative. ...........ccccoovvvvvvvniiinnnnnnn. Q.4
Figure 1.12 Continuous State, Next Rehabilitati@ehstruction Unknown.............. 43
Figure 1.13 Termination State, Next Rehabilitatiezonstruction Known. ............... 44
Figure 1.14 Research APPrOacCh. ............ooeeeeeeeeeieeieeeeeiiiiii e 46
Figure 1.15 PPT EUAC LCCA Model LOGIC. .....ccoemimiiiiiiiiiiiiiiiiieee e 50.
Figure 1.16 Commodity-Based Stochastic LCCA LOGIC.........ccoevvivvviiieiiiiiiiiiaannn 52
Figure 1.17 Dissertation ROAAMAP. .......uuimmmmmmmiiiiiiniiiiaaaeee e e e e e e e eeeeeeeeeesnieeeeneeeeees 55
Figure 2.1 Oklahoma Pavement Preservation TESME® .............cooovvviiiiiiiiiinnnnnne. 60

Figure 2.2 ODOT Skid Trailer, Outflow meter ASTM BH83 and the Transit

New Zealand TNZ T/3 Sand Circle TeStiNG. ..« coeeeeeeeeeaiiiiiieiiiiiiiiiiee e 63

Xii



Figure 2.3 Test Sections 2 and 15, Skid Numbemaactotexture Measurements

10 G == PSRRI 65
Figure 2.4 Test Section 9 Skid Number and MacrotexMeasurements for .............. 66
Figure 2.5 Test Section 7 Skid Number and MacrotexMeasurements for .............. 67

Figure 2.6 Comparison of Skid Number and MacrotexiMeasurements Hot

Mix Asphalt Mill and Inlay versus a Chip Seal..........ccooooiiiiiiiiiiiiiic e 69
Figure 3.1 EUAC Model Service Life/Discount Ratguih Screen, Continuous

1Yo o [P P TP PP TTPTPPPPP 78
Figure 3.2 EUAC Chip Seal Calculation and Servide Diagram in EUAC. ............ 79

Figure 3.3 EUAC Model Service Life/Discount Ratpuih Screen, Terminal

1Y [ o [P P TP TP TPPTPPPPP 79
Figure 3.4 FHWA Real Cost LCCA Model Input SCreen............ceeveeeeveiiiieenennnnnnnn, 81
Figure 3.5 FHWA Real Cost LCCA OUtPUL SCreeM. oo 2.8
Figure 3.6 FHWA Real Cost Output, Initial Cost D@adto correct EUAC. .............. 84

Figure 3.7 NPV Model EUAC Chip Seal Calculation aauhlysis Period

D= | = o RSP PP R URPPPUPPTTPRPRTRRN 85
Figure 3.8 EUAC Model Validation with NPV OULPUL.........cooeviiiiiiiiiiiiiineeeeeeeeeeeee 86
Figure 4.1 Chip Seal Microtexture Field Trial Remhance Data. .............ccoeeevvvevininnne 90
Figure 4.2 Chip Seal Microtexture Deteriorationdd0 ...............cccccceveiiiinnnnnnn, 90.
Figure 4.3 Chip Seal Macrotexture Field Trial Parfance Data. ...........cccccevvveiennnn. 91
Figure 4.4 Chip Seal Macrotexture Deterioration ®lod.................cccociiiiivinnnnne. o1

Figure 6.1 Test Sections Macrotexture Results affdrnces of Two Test

MEthOAS AS Of 2009, ...t e et e e e e e e e e e e e e e e e e e enaenes 130

Xiii



Figure 6.2 Average Macrotexture Results and Diffees between Two Test
Methods OVer 24 MONENS. ........ouuiii e 132

Figure 6.3 Macrotexture Percentage Differences éetvEeconds in Outflow

Y o] N IS ST PPPPTPPPN 133

Figure 6.4 Theoretical Curves of Outflow meter &aohd Circle Tests. .................... 134
Figure 7.1 Untreated 5/8” Chip Seal Macrotexturégleration. ..............ccceeeeeeeeeeee. 141
Figure 7.2 Untreated 5/8” Chip Seal MacrotexturéelDeration, Extrapolated. ........ 141

Figure 7.3 Untreated 5/8” Chip Seal Microtexturadd®ration and

g =Y o0 =1 1o ] o 1R 142
Figure 8.1 Stochastic EUAC Approach for CommodigsBd LCCA. (Adapted

from FHWA (FHWA, 19988)) ........ovveeeeee o s eeeeeeeeeeereneneseseses s sesee e seseenanen. 148
Figure 8.2 Asphalt Binder Probability Distributiofts Various Sample Data Sets. .. 151
Figure 8.3 HMA EUAC Stochastic Results with Varyiligneframe Data Sets........ 157
Figure 9.1 Stochastic EUAC Input Screen, Continudosle. ...................ccccvvvvnnnee. 165
Figure 9.2 Stochastic EUAC Input Screen, Termina®l .............cccccccceeiiiiiinnnnn. 166
Figure 9.3 Chip Seal Service Life Probability Distitions, Continuous (left) and
Terminal (right) MOUES. ......iiiii e e e e e eeeeeees 167

Figure 9.4 Stochastic EUAC LCCA Approach. (Adapien FHWA, 1998a) ........ 169

Figure 9.5 PPTs Stochastic EUAC Probability DIStiONs. ............ccccvvvviiiiiiieeieenenn. 170
Figure 9.6 Summary Statistics for Hot Mix Asphall &C Distribution.................... 171

Figure 10.1 Performance-Based Triangular Serviée Distributions........................ 182
Figure 10.2 Impact of Service Life Method on CBigal EUAC..........ccccooiiiiinnnnnn. 183

Xiv



Figure 10.3 Deterministic and Performance-Baseg Cleial EUACs on

Stochastic Empirical-Service-Life Cumulative CUrve...........ccccoeeeveeeviiiiiiie e, 841
Figure 11.1 EUAC Simulation OULPUL. .........coemeeeeiiiiiiiiiiiieeee e 188
Figure 11.2 EUAC Model Output Converted to NPV-Form...........ccccccvviiiiennnnnn. 189
Figure 11.3 Correlation Error Check in Stochast@dé. ................cccccvvvviiiiieennnnnn. 019

XV



ABSTRACT

Classic engineering economic theory was developégrhish the analyst a tool
to compare alternatives on a basis of life cyclt.ddowever, the theory is typically
relevant to new construction projects with reldgneng service lives. It does not
accurately model the economic aspects of shortHalgernatives such as those that
pavement managers must evaluate when seekingeict #a¢ most cost effective
pavement preservation treatment. The field of peard preservation seeks to “keep
good roads good” and hence pavement preservagatiiients are applied to extend the
functional service life of the underlying pavemenss a result, no significant research
has been done to quantify the actual service Wélse pavement preservation
treatments themselves and furnish a model foritheycle cost analysis of the
treatments themselves. This dissertation fillséwwvo gaps in the pavement
economics body of knowledge. It proposes a neveip@nt preservation life cycle cost
model and a methodology for using field test datguantify the service lives of
pavement preservation treatments for both asphdltancrete pavements.

Economic and engineering technical data gathered fravement preservation
field trials can be quantified and correlated toduce meaningful, standardized
economic and life cycle cost analysis informatibattfurnishes pavement managers
measurable failure criteria to estimate extended@lives of the nation’s pavements.
This cutting-edge research creates and validatesrtedels, one for asphalt and the other
for concrete, for developing life cycle cost anaysased pavement preservation treatment
design. The models are based on the fundamerttattlmuused engineering economic

theory ofequivalent uniform annual costt is applied for the first time to pavement life

XVi



cycle cost analysis and engineering technical idataighway pavement preservation
projects.

Currently there is no system in place that coresl@ngineering technical data
gathered from a wide range of competing field-tdgt@vement preservation options.
The Oklahoma Department of Transportation paverimeatment decision-making
processes are surveyed and current Federal HigAdmaynistration life cycle cost
analysis methods developed for new pavement cartigtnuprojects are evaluated for
applicability. Theequivalent uniform annual cokte cycle cost analysis models
eliminate some theoretical issues associated wélturrent Federal Highway
Administration method and specifically addressghert-term nature of pavement
preservation treatments. Next, case studies ar@uoted using data from a three-year
pavement treatment field trial and associated exgging technical dat&let present
valueoutput from those trials is used to validateeqaivalent uniform annual cobte
cycle cost analysis model results and confirmutarie utility within current federal
funding constraints for highway projects. Sengigianalysis is conducted using both
deterministic and probabilistic approaches, andgithat model output is sensitive to
service life selection, agency costs (and assatiateerlying commodities) and
discount rate. However, the new model furnishback check to permit the analyst the
ability to determine whether or not these sensiésiare significant for a given project.

The models allow pavement managers to evaluatedsteeffectiveness of
competing pavement preservation treatment alter@stn either a deterministic or
stochastic life cycle cost basis. It does so bgutating theequivalent uniform annual
cost,which allows treatment-specific input values. Thedel accommodates the

pavement management programming process for réia#bih or reconstruction by
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furnishing a rigorous methodology to rationallyrtcate service lives, which is new to
the FHWA life cycle cost procedure. User costscaleulated and incorporated.
Additionally, the use of microtexture and macrotegtdeterioration models provide
local pavement condition data that correlate wtvise life and pavement life
extension input values. This allows the extentasfability in these parameters to be
exposed via sensitivity analysis and thereby endéme credibility of results.
Treatment-specific input values, such as expeaedce life and pavement life
extension, allow the pavement manager to intuyiaslalyze the life cycle cost analysis
results. Additionally, the research concludes &kfle cycle cost analysis model based
on equivalent uniform annual cqostather thamet present valyespecifically addresses
the relatively short term nature of pavement pregern treatments. It allows the
engineer to better relate treatment life cycle cagput to annual maintenance budgets
and specifically determine the most cost effecpagement preservation treatment for a

given project.
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1.0INTRODUCTION

Sustainability has become an issue as state tvaipn agencies are
increasingly challenged with “high user demandetstred budgets, declining staff
resources, increasing complexity, more stringeobactability requirements, rapid
technological change and a deteriorating infrastime¢ (FHWA, 2007a). A sustainable
solution,pavement preservatiors currently being implemented. It will be
instrumental in addressing pavement system neetlseleping good roads good”
instead of allowing them to deteriorate to the poimo return (Galehouse et al. 2003).
According to the Federal Highway AdministrationState transportation] agencies are
focusing on maintenance and rehabilitation of @xgsinfrastructure to a greater extent
than ever before” (FHWA, 2002). It is expected gh@vement preservation will
become the core of all future highway programs (FAJ\4098). Oklahoma is certainly
one of those agencies for which these statemeptg,as evidenced by its 2010 Asset
Preservation Plan that states, “The preservatia@upgxisting transportation system is
an absolutely critical part of the Department’'ssioga” (ODOT, 2010). Preservation is
especially critical in Oklahoma due to its relaljvemaller transportation budget
(Gransberg et al. 2009).

1.1 BACKGROUND AND MOTIVATION

The use of economic analysis, specifically lifeleycost analysis (LCCA), to
achieve the cost effectiveness by quantifying vébuenoney in support of
transportation decision making, is one way to prensaistainability in transportation
(FHWA, 1999; FHWA, 2009). It also can provide econc justification for

transportation decisions and pavement preservéiibal et al. 2009; Peshkin et al.



2004; AASHTO, 2001; FHWA, 2001). LCCA is consideie powerful project
evaluation tool, yet its application is not wideesgd due to the complexity and
challenges associated with engineering economiysiadheory and its application
(Reigle and Zaniewski, 2002; FHWA, 1999). LCCAasely used at the pavement
preservation level (Bilal et al. 2009; J. Hall et2009; Monsere et al. 2009; Cambridge
et al. 2005). State highway agencies (SHAS) haen lexperimenting with various
LCCA tools (Hall et al. 2009), like FHWRealCostbut none have been found to be
consistent with project-implementation level (FHVZB09, 2007, 2005, 2003).
“Models, methods and tools to construct and anadgomomic tradeoffs are still being
developed” (FHWA, 2007a) as the LCCA demand groma “avill undoubtedly
continue to grow as long as the public and poli@kens demand better management of
scarce resources in the long run” (Ozbay et al4200

This research seeks to extend the previously gt equivalent uniform
annual cost (EUAC) LCCA deterministic model (Pigenet al. 2011) and to identify
and analyze current methods for determining stachiife cycle costs of pavement
preservation treatments. It will explore the relaship between construction cost
volatility and LCCA of pavement preservation treatits (PPTSs). It seeks to determine
whether stochastic methods provide different reshhin deterministic methods at the
project level that would influence pavement preagon decision making. This
research seeks to provide a stochastic LCCA taatipally for evaluating and
comparing the economic impact of pavement preservatatment alternatives for

asphalt and concrete pavements. The researchsaddrihe following question:



Does stochastic life-cycle cost analysis produdatfterent result

and more meaningful than deterministic life-cyabstanalysis for

pavement preservation treatment decisions?
Answering this question requires a thorough ingagton of current pavement life-
cycle cost analysis methods and the applicabififgrobabilistic approaches to the
topic.

In addition, the research seeks to demonstratetitaneering technical data
gathered from a wide range of competing field-t@gt@vement preservation options
can be correlated with an analysis of their respechort and long-term costs, benefits
and value. Coupling LCCA results with field perfance data is one way to gauge a
pavement treatment alternative@sonomic efficienc{Bilal et al. 2009). Currently,
there is no system in place that correlates engmgéechnical data gathered from a
wide range of competing field-tested pavement puas®n options with an analysis of
their respective short and long-term costs, benahd value.

1.2 RESEARCH OBJECTIVE

There are four specific research objectives ambtheses related to answering
the research question:

Objective 1: Create deterministic and stochastic EUAC mod®iev¥aluating
asphalt and concrete pavement preservatatment alternatives.
Hypothesis 1:Stochastic LCCA will produce a different resiiai
deterministic LCCA for pavement preseiaatreatment (PPT)

evaluation.



Objective 2: Understand the relationship between construcast volatility and
life cycle cost analysis of pavementspreation treatments.
Hypothesis 2:Construction cost volatility will have a materedfect on
PPT LCCA.
Objective 3: Understand sensitivity of deterministic and ptabstic models to
input values.
Hypothesis 3:Probabilistic models will expose sensitivitiedriput
values concealed in deterministic madels
Objective 4: Demonstrate how FHWA-recommended probabilistithods can be
adapted to PPT alternative analysisguEBidAC.
Hypothesis 4:FHWA-recommended probabilistic methods can betadh
to EUAC PPT.

Tasks undertaken to meet these objectives anthestypotheses are located in
Section 1.4 - Research Methodology, along with tdraeferences so that the findings
can easily be located throughout this writing.

1.3 LITERATURE REVIEW
1.3.1 Pavement Preservation Literature

It costssignificantlymore to fix a pavement in poor condition thandes to
maintain one in fair condition (Stroup-Gardiner &ttatnawi, 2008; TRIP, 2001;
AASHTO, 2001) because it “requires extensive amsdughitive work” (FHWA, 1998).
The result is “a gradual decline in the number désnan agency could treat each year

and a decrease in the overall condition of the pere network” (Peshkin, et al. 2004),



as well as an increase in the “potential for aatigle@njuries and fatalities among the
motorists and road workers” (FHWA, 1998).

The implementation of pavement preservation peastis expected to address
these challenges (FHWA, 1998). Pavement preservatia critical component of the
larger concept of ransportation Asset Management (TAMMich “is the key to
finding the most effective and cost-efficient balarf preserving, upgrading and
replacing highway assets in [today’s] environmdRHIWA, 2007a). TAM is an
integrated approach to asset management and g aelively promoted as a “national
priority” by AASHTO and FHWA (FHWA, 2007a). TAM gication is currently in
the case-study phase (FHWA, 2003a; FHWA, 2005; FHR097; FHWA, 2009).

Unlike the “reactive” nature of “Worst First” pavent maintenance and repair
strategies, pavement preservation is a “proac@ygroach to treating pavements
before they fall into disrepair (FHWA, 2005a), ither words, “keeping good roads

good” (Galehouse et al. 2003). This approacHustilated in Figure 1.1.
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Figure 1.1 Proactive Pavement Preservation Approachiersus Reactive Approach
(Davies and Sorenson, 2000).



Theoretically, this proactive approach could regdtiee amount of “costly, time
consuming rehabilitation and reconstruction prgéand “provide the traveling public
with improved safety and mobility, reduced congastind smoother, longer lasting
pavements” (FHWA, 2005a). A Pavement Preservadimgram, according to the
FHWA, consists primarily of three componergseventive maintenancminor
rehabilitation (non-structural) and sonmeutine maintenanceThe three components
are implemented for the purposes of slowing detation and restoring serviceability
of a pavement (FHWA, 2005a). Pavement preservali@s not includeorrective
(reactive)or catastrophic maintenancehich only serve to restore serviceability
(FHWA, 2005a). Although pavement preservationatéhtiates itself from corrective
maintenance with its goal of extending the lifeagfavement, it is not expected to
increase strength or capacity like constructioopnstruction or rehabilitation (FHWA,
2005a).

The potential benefits of pavement preservatidreiag investigated as state
transportation agencies (SHAs) search for answetghe information that would
facilitate the widespread implementation of preagon programs is lacking (FHWA et
al. 2008; Gransberg et al. 2009). As with any gigra shift, there is a learning curve.
According to theTransportation System Preservation Research, Dpusat, and
Implementation Roadmap, January 200t&re is a “need for a comprehensive, large
scale Research and Development program” in theadngieservation. The following is
an excerpt:

“Preservation practices can extend service life aad provide

better, safer, and more reliable service to usefesa cost. These

points reflect common sense and intuitive conclhusidout many
aspects of preservation actions or their effecservice have not



been demonstrated quantitatively. The tools fovepzent and
bridge preservation exist, but guidelines for thegaplication are
often limited. Research, development and implentemtahave
historically focused on construction and rehakilia activities and
not on the topics of preservation and maintenance.”

(FHWA et al. 2008)

This preservation research is well underway. Tded i to provide SHASs the
information needed to apply thaght preservation action at thmght time to theright
pavement” with a focus on getting the “most berfefitthe least cost” (FHWA et al.
2008).

Federal funding has also been facilitating thé $tia proactive, “Pavement
Preservation” approach (FHWA, 1998).

“With the passage of thdntermodal Surface Transportation

Efficiency Act(ISTEA) of 1991, the National Highway System Act

of 1995, and the newransportation Equity Act for the 21st

Century (TEA-21), pavement preservation activities are now

eligible for Federal funding. ISTEA allowed Fedefahds to be

used for pavement preservation activities on ltageshighways.

The National Highway System Act expanded that lelligy to all

Federal-aid highways. TEA-21 emphasizes the need fo

transportation system preservation and for propeilyded
pavement preservation programs.” (FHWA, 1998)

And the most recent modificatiofhe Safe, Accountable, Flexible, Efficient
Transportation Equity Act: A Legacy for Us AFETEA-LU) in 2005 increased
focus on preservation and system management (8mhaabi, 2007) by supporting a
full suite of FHWA-designated pavement preservatieatments.
1.3.2 Pavement Texture Literature

Pavement preservation treatments restki@ resistanceéo a pavement surface.

This is perhaps the most important engineering aomapt of the road from a safety



standpoint. From 1995-2001, nearly half a milliojuries and over 6,000 fatalities
were attributed to roadway accidents caused bpefippavements (Noyce et al. 2005).
Slippery pavements are the result of several calme primarily are associated
with the loss of both pavement surfan&rotextureandmacrotexture This makes
the two parameters the most common pavement treafmeeformance metric
(Gransberg and James, 20B®que et al. 1991). Essentially, microtexturénes t
guantitative measure of aggregate surface frigiirmperties that contribute to skid
resistance. Macrotexture is the quantitative meastiaggregate physical properties
(size, shape and spacing) that contribute to doditya thereby enhancing surface
friction and skid resistance (Abdul-Malak et al98% A European study found that
increasing the pavement’s macrotexture not onlyced total accidents under both
wet and dry conditions but also reduced low speediants (Roe et al. 1998).
Another author found the following: “The safetyaopavement surface is related to
both the surface friction and the texture of thegmaent. It is imperative that
pavement surfaces provide adequate friction andaiye ability to minimize the
number of accidents that occur as a result ofidmetl deficiencies” (Flintsch et al.
2003).
As a result, pavement managers must not only neatiegstructural condition
of their roads, but also the skid resistance (NCHEB9). In fact, it is possible for a
structurally sound pavement to be rendered unsagelbss of skid resistance due to
polishing of the surface aggregate or in the caship seals, flushing of the binder in
the wheel paths (Patrick et al. 2000). This resulta safety requirement to modify the

pavement surface to restore skid resistance. Mathe@ossible tools for restoring



skid resistance, like chip seals, are also useddeement preservation. Thus,
maintaining adequate pavement skid resistancaasaapavement preservation activity
(Moulthrop, 2003).

There is a wealth of information on skid resistaircthe literature (Henry,
2000). However, most of the previous researchbeas safety related, developing the
relationship between skid resistance and crasheseTs also extensive information
about pavement surface treatments (NCHRP, 1986jveMer, the majority of the
research has been in the laboratory and is foousékde material science. Very little
substantive work has been done in the field reggrdurface treatment performance,
but the research that does exist is focused on-gdron performance only (Owen,
1999). The FHWA Long Term Pavement Performance ®aradLTPP) collects
friction data as part of its standard protocol {$#Glover and Tayabji, 1999).
However, the LTPP data largely relates to pavemmexitdesign criteria. Although it
does include data for chip seals, it does not cbtlata for any of the other potential
pavement preservation treatments. Additionallyshad the extant research focuses
on a single surface treatment without comparatnadyesis of other PPT options. Also
making it more difficult for DOT pavement managersjch of the published research
is commercial in nature and while completely vaisdsuspected of containing a strong
inherent bias toward showing the given productsrbest light (ARRB, 2001; Vercoe,
2002; Bennett, 2007). Finally, with a couple otegtions (Gransberg and
Pidwerbesky, 2007; Gransberg and Zaman, 2005)yaliytno research in this area has
addressed the economic aspects of pavement ratexinrconjunction with the

engineering aspects. Thus, the gap in the bodyaoivledge is the lack of engineering



data correlated with a comparative economic amalysdifferent alternatives to
restore skid resistance on a long-term basis.
1.3.3 Pavement Economics Literature

Budget shortfalls and infrastructure needs are grgwnd expected to reach
critical levels in the next ten to twenty years WK, 2008). Thus, SHAs are searching
for ways to increase the cost effectiveness ofithiged road maintenance funds
(AASHTO, 2001). “The core of transportation dearsmaking is the evaluation of
transportation projects and programs in the cordéavailable funding” (Sinha and
Labi, 2007). Therefore, every programming framedwairould include an economic
analysis mechanism for assessing the cost-effexsgeof alternatives considered for
implementation (Sinha and Labi, 200Bconomic analysis is a vital component of
Transportation Asset Management, and specificRdyement Preservation. It has long
been promoted by the FHWA for application to “higtywproject planning, design,
construction, preservation, and operation” (FHWB032) for accountability (FHWA,
2007a). “Considering the annual magnitude of higgnhimvestments, the potential
savings from following a cost-effective approachteeting an agency’s performance
objectives for pavements are significant” (Peshktral. 2004). This would allow
agencies to stretch the budget to address susil#gynabeds in infrastructure and
enhance stewardship.

The use of LCCA, to quantify the cost-effectivenasd identify the return, if
any, on investment in transportation decision-mgksone way to promote
sustainability in transportation (FHWA, 2009; FHWE999). It “will undoubtedly

continue to grow as long as the public and poli@kens demand better management of
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scarce resources in the long run” (Ozbay et al4200he FHWA states the following

purpose for LCCA use:
“LCCA is an analysis technique that builds on tel-founded
principles of economic analysis to evaluate therail#ong-term
economic efficiency between [mutually exclusive] nmeting
alternative investment options. It does not addeegsty issues. It
incorporates initial and discounted future agenggr, and other
relevant costs over the life of alternative investits. It attempts to
identify the best value (the lowest long-term dbstt satisfies the
performance objective being sought) for investnexpenditures.”
(FHWA, 1998a)

Although LCCA is considered a powerful project exalon tool, its application
is not wide-spread in transportation due to themewity and challenges associated
with engineering economic analysis theory andpigiaation (Reigle and Zaniewski,
2002; FHWA, 1999). According to various syntheseis, not commonly, if at all,
being employed by frontline pavement managers terdene the most cost-effective
pavement preservation treatment alternative favangproject (Bilal et al. 2009; J. Hall
et al. 2009; Monsere et al. 2009; Cambridge €2@05).

Each state has three general processes that & Uyasn investment decision-
making:

* along-term, strategic planning process,

* ashort term planning process,

* and an implementation process (FHWA, 1999).
LCCA application has generally been reserved fojgats at the planning and design-
level, not for the pavement-treatment-implementatevel (CALTRANS, 2007,
Cambridge et al. 2005; FHWA, 1999). This is evitcehby FHWA'’s LCCAInterim

Technical Bulletirbeing addressed to assist state highway agemcibe application of
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LCCA to determine the “long-term economic efficignmplications” of pavement
design decisions (FHWA, 1998a). This researchtexésted in the implementation of
pavement preservation treatment projects levekofsibn-making by the pavement
manager. Hence, the literature review was injtitdtused in that subject area. Due to
a limited amount of information regarding LCCA pedcires employed at that level
(Gransberg et al. 2009; Monsere et al. 2009; Rilal. 2009), however, the literature
review expanded to the broader scope of LCCA aafitin in transportation.

According to various syntheses, there is no casiseon how highway agencies
determine the cost-effectiveness of pavement prasen treatment alternatives for a
specific project at this time (Bilal et al. 2009pkkere et al. 2009; Cambridge et al.
2005). “The emphasis upon economic cost analysisiples is recent, so models,
methods, and tools to construct and analyze ecanwadeoffs are still being
developed” (FHWA, 2007a). State agency pavemeatrinient evaluation methods
vary and can range from simple to complex. Sonmelgct in-house analyses
(Cambridge et al. 2005), while others have outseditbe analyses at a high cost and
desire in-house capability (FHWA, 2007). Some abersthe initial cost of treatment
and associated future maintenance, while someaamigider the initial cost of
construction and ignore long-term or life-cycle tsosssociated with those treatments
(Monsere et al. 2009). Some do not consider usgscalthough those costs have been
shown to potentially contribute a notable differemetween the life cycle costs of
preservation treatment alternatives (Bilal et 809).

There are a few LCCA models currently availabletfansportation use, such as

FHWA RealCosthat was created for design-level use (FHWA, 20049wever,
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according to a recent synthesis (Bilal et al. 208%re are many project evaluation
tools that could assist a pavement manager atrtplementation level as the demand
for pavement preservation grows, such as LCCA. tBaiquestion that state agencies
must answer is how to implement LCCA, what levetaplexity is desired and what
type of inputs should be required (Hall et al. 2003he FHWA states that the level of
LCCA detail “should be consistent with the leveimfestment” (FHWA, 1998a). The
level of investment of some activities at the inmpémtation level can somewhat be
inferred by the following FHWA statement: “When cisinted to the present, small
reactive maintenance cost differences have neggigitbect omet present valupof
pavement design alternatives] and can generaligried” (FHWA, 1998a).
1.3.3.1 Economic Analysis Case Studies

The FHWA has conducted a number of case studidsdoment LCCA use in
transportation (FHWA, 2009, 2007, 2005, 2003). ddfado DOT case study
documentfRkealCostuse and states that it has allowed the state ke the “best, long-
range, long-term decisions” accorded to its plagmind investment strategies (FHWA,
2009) but shows no evidence that it has been apfipavement
preservation/maintenance treatment decisions. Staie of California Department of
Transportation also us&ealCostbut reserves it for larger projects and exentps t
smaller ones (CALTRANS, 2007).

Case studies have been conducted that involvexgperimental use of LCCA at
the implementation level, like in Hillsborough CaéwnFlorida (FHWA, 2005) and New
York (FHWA, 2003). New York’s DOT (NYSDOT) caseudly conducted in 2003

reported attempts to apply LCCA to pavement treatraelection, but noted that LCCA
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tools for use at this level require improvemenobefimplementation (FHWA, 2003).
The NYSDOT also planned to “customize” the FHWRsalCosLCCA spreadsheet
for project-level evaluation (FHWA, 2003). Tkio-Kentucky-Indiana Regional
Council of Governmentsase study also recognized an ongoing need farjagiievel
adaptable version of LCCA (FHWA, 2007). LCCA prduees modified specifically
for implementation-level project evaluation were found in literature.
1.3.3.2 FHWA LCCA Procedures/Methodology

LCCA can become quite complex, so an analyst shioelljudicious about the
level of detail included (FHWA, 1998a). An analgain simplify the analysis by
including only differential costs, i.e. omittingabe that cancel out, as well as
disregarding those costs that contribute minimaldempact on the final results,
keeping in mind that discounting might render cest$§FHWA, 1998a). The FHWA
offers “LCCA Principles of Good Practice” in itsfe Cycle Cost Analysis in Pavement
Design, Interim Technical Bulletireleased in 1998, such as in selecting a discatet r
“Good Practice” is thatonstant dollarsaandreal discountrate be used for the purposes
of discounting future costs (i.e. omit inflationcaeffects). FHWA recommends a rate
between 3-5% be used in analyses, which is consistiéh the OMB Circular A-94.
Other “LCCA Principles of Good Practice” are intatgd with the LCCA
procedures/methodology.

The following are LCCA procedures, as excerptethftbe FHWALife Cycle
Cost Analysis PrimefFHWA, 2001) and thénterim Technical BulletitFHWA,
1998a):

» Stepl: Establish design alternatives [and anapesi®d]
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» Step 2: Determine [performance period and] actitrityng
» Step 3: Estimate costs [agency and user]
» Step 4. Compute [net present value] life cycle €ost
* Step 5: Analyze results
» Step 6: Reevaluate design strategies.
Step 1: Design Alternatives and Analysis Period
The first step in the procedure involves estalitiglstrategies, i.e. associated
rehabilitation and maintenance activities assodiatgh each alternative expected over
the analysis period (FHWA, 1998a). The analysisogecan be selected by various
methods when alternatives have differing perfornegmeriods for the purposes of
comparing all alternatives over a “common periodiroe”, which is an engineering
economic analysis principle (White et al. 2010he Qeneral suggestion is that the
analysis period be a standard length, such as 3&4@ (FHWA, 2004), and long
enough to allow “at least one major rehabilitatiativity” for each design alternative
(FHWA, 2001). Thenet present valueNPV) method is the preferred analysis method,
with theequivalent periodic annual coEEUAC) only being used as a re-statement of
the NPV (FHWA, 1998a).
Step 2: Performance Period and Activity Timing
The second step involves determining the performgeciod (i.e. cash flow
diagram) for an alternative, which is the periodtttovers one life cycle of that
alternative and is generally determined by theyatal judgment based on experience
and historical data (FHWA, 1998a). Activity timimgcludes the determination of

maintenance and other activity frequency associatéda specific alternative strategy,
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as established in step 1 (FHWA, 1998a). The perdoca period determination has a
significant effect on the LCCA output, and shouéddonsidered with care (FHWA,
1998a).

Step 3: Agency and User Costs Estimation

The third step involves determining or estimatiggracy and user costs for each
of the competing alternatives. Agency and usetscare determined for each of the
competing alternatives and future costs are “distedl’ to determine the NPV.

Agency costs are those costs directly incurrechiyaigency, such as costs for
project supervision and administration, materialsor and traffic control for the initial
installation. It also includes any associated bdlation and maintenance costs
required over the life cycle of the alternativehe$e costs are generally based on
current and/or historical costs.

According to the FHWAsalvage valués the value associated with each
alternative determined at the point of analysisiteation and involves amgsidual
value(value attributed to the reclaimed materials) oy serviceable lif§value
attributed to alternative “life” that exists afi@nalysis termination). It should be
attributed to alternatives appropriately for thegmses of analysis (FHWA, 1998a).

Sunk costswhich are costs occurring pre-analysis, shoutdoedncluded in the
analysis unless they specifically apply to theraltiéives that are to be compared
(FHWA, 1998a).

User costselate to costs incurred by the traveling publibathwork-zoneand
non-work-zonghases for a given extent of road for which aliues are being

compared (FHWA, 1998a). Generally, the user dostared duringhon-work-zone
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phases are disregarded in LCCA due to a loweriliket of difference among
alternatives (FHWA, 2001). Differing [work zoneger costs among alternatives are
pertinent to the analyses, and generally includmy] delay, vehicle operating, and
crash costs incurred by the users of a facility1{FA, 1998a).

“User costs are heavily influenced by current amaire roadway

operating characteristics. They are directly relai@ the current

and future traffic demand, facility capacity, anide ttiming,

duration, and frequency of work zone-induced cdpaestrictions,

as well as any circuitous mileage caused by detddirectional

hourly traffic demand forecasts for the analysiarya question are

essential for determining work zone user costdWA, 1998a)

It is suggested that “different vehicle classeseh@iferent operating
characteristics and associated operating costsaaadesult, user costs should be
analyzed for at least three broad vehicle clag3assenger Vehicles, Single-Unit
Trucks, and Combination Trucks” (FHWA, 1998a). Usests are generally translated
into monetary terms (for the purposes of analyang) can be ascertained from various
sources, and those costs escalated with the ube tfansportation component of the
Consumer Price Index (CP{FHWA, 1998a).Delay costs are calculated by
multiplying the unit of “wait” time attributed toaeh alternative’s work-zone timings by
the monetary unit (FHWA, 1998a)/ehicle operating cost®/OC) are calculated by
multiplying the vehicle-related cost factors atirtidble to each alternative’s work-zone
timings by the monetary unit (FHWA, 1998a). CrasBts are calculated by
multiplying the number of specific types of crasbggheir respective monetary unit
(FHWA, 1998a). User costs as a result of detorgsygically assigned a cents-per-

mile rate, such as that used by the Internal Rex&muvice for mileage allowance

(FHWA, 1998a).
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Step 4: Compute Life-Cycle Costs (NPV)
As excerpted from FHWA'’s LCCA Interim Technical IRatin:
“Economic analysis focuses on the relationship betw costs,
timings of costs, and discount rates employed. CGalceosts and
their timing have been developed, future costs rbastliscounted
to the base year and added to the initial coseterthine the NPV
for the LCCA alternative. The basic NPV formula thscounting
discrete future amounts at various points in tiraeklto some base
year is:

NPV = Initial Cost Y Rehab Costs [1+ ((1 +")

Where: i = discount rate = year of expenditure and [1+ ((1 H)i)= PV
formula.” (FHWA, 1998a)

Step 5: Analyze Results

LCCA has two possible computational approacdegerministic(for
deterministic LCCA) angbrobabilistic (for stochastic LCCAJFHWA, 1998a), which
are fully discussed in the next section. To sunmeathe deterministic approach
involves using discrete input values and a singlpuat value (FHWA, 2001). A
sensitivity analysishould be conducted so that the analyst may deterthe level of
variability of a given input value relative to tbatput (FHWA, 1998a). For example,
an analyst chooses a 4% discount rate to do theA,.@@ich results in output (a
preferred alternative). The sensitivity analysi allow the analyst to conduct &Vhat
if” scenario to determine if choosing a 5% discouetwapuld result in different output
(different preferred alternative). This exercisestbe repeated individually for other
input variables to discover any effect on over&@IQA results. The sensitivity analysis
is limited in application with regard to being uteabo analyze simultaneous variability
(FHWA, 2001).

The probabilistic approach involved with stochas@CA involves analyzing

input value probability based on the full rangé\What if” scenarios allowed by
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sensitivity analysis by providing a “distributiof BV results” (FHWA, 2001). Itis
generally accompanied withrisk analysiswhich unlike sensitivity analysis, does
allow the analyst to determine the level of cetiaimith regard to simultaneous
variability in all input parameters (FHWA, 1998a).

Step 6: Reevaluate Design Strategies

LCCA results should be coupled with other decisapport factors such as
“risk, available budgets, and political and envir@ntal concerns” (FHWA, 2001 A
decision-analysis framework can offer insight aselative differences between
alternatives in the areas of “uncertainty, objextiand trade-offs”, but should not be
expected to offetheanswer (FHWA, 1998a; Clemen, 1996). The analystldvstill
need to rely on judgment in the final decision-nmakphase (Clemen, 1996).
Considering cost-effectiveness without also congidereatment effectiveness (and
vice versa), or theconomic efficiencgf a treatment, may not provide the whole picture
either and may result in not selecting the “bel€raative (Bilal et al. 2009).
1.3.3.3 Deterministic and Probabilistic Approaches

LCCA can be conducted deterministically or probstically (Step 5 of the
FHWA LCCA Good Practices), depending on the levehput uncertainty (FHWA,
1998a). Much debate continues about the validityGCA output when inherent
uncertainty is not addressed, hindering the agehalglity to justify decisions (FHWA,
2003). Transportation decision making is subjecdrutiny because of its public
nature. Transportation agencies are charged vatiesdship and therefore must
provide justification for decision making and itderent uncertainties. Major

uncertainties in transportation projects are gdlyer@lated to cost and performance
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(service life) and contribute to the complexity afhfficulty associated with
transportation decision making. Uncertainty alfature events, when quantified, is
known agisk and can be incorporated into the decision-makinggss. Decision
analysis offers a systematic method of examinirgsiten-related uncertainties for the
purpose of making and justifying a better decigiGlemen, 1996).

A deterministic-type LCCA is less complex thanacistic type and can be
adequate, and therefore appropriate, when uncgriginot expected to have a material
effect on the outcome of the economic analysis (R1@003). However, if
uncertainty could materially alter the outcome, dlieéerministic approach is not
recommended because of its inability to effectivaiplyze simultaneous variability
(FHWA, 2003). The probabilistic approach is usedddress these issues. Stochastic
LCCA specifically addresses and quantifiesuheertaintyassociated with a
transportation project decision and contributeddoision validation (FHWA, 1998a).

Deterministic Approach

The deterministic approach involves using discigbait values (point
estimates) that result in single output valuestzamibeen the traditional LCCA type
used in transportation decision making (FHWA, 200j)screte input values imply
certainty. However, many input values for futuvems, such as maintenance costs or
service life length, must be estimated for the LC&A contain inherent uncertainty.
An example of discrete input values (one valuegagameter) would be the expression
of “service life” as ten (10) years, “discount raés 4% or “initial construction days” as

0.20, as shown in Figure 1.2
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PAVEMENT TYPE  TREATMENT SERVICE LIFE

1 Bituminous A ODOT Standard 5/8" chip seal 18
2 Concrele B Open Graded Friction Course (OGFC) 53 Point estimate for service life
C 1" Hot Mix Asphait mill & inlay (HMA) ‘

Initial Construction
ALTERNATE#  'AVEMENT DESCRIPTIOI Days™ | Point estimate for days
1. 1 A Bituminous ODOT Standard 5/8" chip seal 20
2: 1 B Biluminous Open Graded Friction Course (OGFC) 0.20
3t 1 C Bituminous 1" Hot Mix Asphalt mill & Inlay (HMA) 0.28
4: 1 D Bituminous
§: 1 E Bituminous
6: 1 F Bituminous
1.18 DISCOUNT RATE . D | Pointestimate discount rate

Years unlil next Rehabiltation/Reconstruction

Figure 1.2 Deterministic LCCA with Point Estimatesfor Input Values.
An example of deterministic output is a single EUiGQlollars associated with
the discrete input values of each of the threerateves, as illustrated in Figure 1.3.

The analyst could compare each alternative’s EU&\8etect a preferred alternative.

ALT # Construction Maintenance User Delay
1 7.312 0 297
2 5,626 578 230
3 3472 895 329 _
ALT # Description EUAC
1 Bituminous 7.529
ODOT Standard 5/8" chip seal
2 Bituminous 6,434 Discrete output values
Open Graded Friction Course (OGFC)
3 Bltuminous 4,696
1" Hot Mix Asphalt mill & inlay (HMA)

Figure 1.3 Deterministic LCCA Output.

The analyst may gain some insight about the vaitaor risk) of a given input

value relative to the output by includingensitivity analysisptherwise known as a
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“What if?” scenario, when employing a deterministic approach (FHWA, 198
However, the sensitivity analysis does not quantdfly and associated likelihood of
occurrence. It only shows if a discrete changanimnput value would produce a
different output result. If the change does resuét different outcome, then the
parameter is considered sensitive.

Probabilistic Approach

In most transportation-LCCA cases, variable inpltigs should be treated
probabilistically (FHWA, 1998a). Stochastic LCC&Amore robust than deterministic
LCCA and involves modeling uncertainty with prolaigis. It could assist SHAS in
making “strategic long-term investment decisiondamshort-term budget constraints”
on the basis of risk (FHWA, 1998a). However, tigjge of approach is often
underutilized in transportation due to its comptgxReigle and Zaniewski, 2002).

Unlike deterministic LCCA, stochastic LCCA canthat easily completed by
hand but can be facilitated by software (FHWA, 1&98Deterministic LCCA only
allows one input value for each parameter and gdes/only one outcome value for
each alternative, whereas the stochastic LCCA allalvpossible values for the input
parameter and provides all possible outcome vatlisglayed as a probability
distribution. Input values like costs, costs tigjidiscount rate and analysis period
could have many possible values and result in npasgible NPV, or outcomes
(FHWA, 1998a). Stochastic analysis can also pmindights about correlations
between input values. Input value probabilitynedl as simultaneous variability of all
input values, is analyzed based on the full rarig&\uat if” scenarios and results are

displayed as an NPV probability distribution (FHW¥98a).

22



Probability Distributions

A probability distribution is a “mathematical mddleat relates the value of the
variable with the probability of occurrence of tatue in the population” and serves to
guantify variation (Montgomery, 2009) or uncertginiTherefore, it is a critical
component of decision analysis (Clemen, 1996).b&tity distributions can be
characterized adiscreteor continuous Discrete probability distributions involve figit
or count data. The random variable measured amt@ncious scale, such as pavement
treatment material cost and service life associaiddtransportation LCCA, can
represent infinite possible values and is the gmpate type of distribution for this
research. The total area under a continuous disivito curve represents probability and
equals 1. Any random value for, say, material ,ao8t be located under the curve and
have a certain probability range<{@Cost< 1) associated with it. The probability is
expressed as a percent with a range of 0 tod€¥@ciated with each value. The
probability distribution not only represents th&atoange of material cost, but the
likelihood associated with a cost falling withirsecific cost interval.

Each probability distribution has an associateamend standard deviation.
The arithmetic meanuj of the probability distribution provides tleentral tendencyn
the distribution (Montgomery, 2009). It can barasted from the sample average (x)
calculation in Equation 1.1.

X+ Xo+ ... X,

Hest= Xbar = . Eg. 1.1

1 N
Oest= v = — Z (Xi - _X)z
N i1 Eqg. 1.2
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The variability (or range of data in relation te tinean) in a distribution is represented
by the variancedf) or standard deviatior) (Montgomery, 2009), and may be
estimated by the sample deviationy(8Eq. 1.2). Figure 1.4 illustrates mean and
standard deviation in a probability distributioBoth probability distributions have
similar means, but the standard deviatiex) for Alternative A is less than the standard
deviation 6g) for Alternative B. In other words, one could chrde that the cost of

Alternative A is less volatile, or variable, thdretcost of Alternative B.
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Figure 1.4 Probabilistic Outcome Distributions (FHWA, 2003).

A normal distribution or “bell curve” is a commadype of continuous
probability distribution that is symmetric and isfithed and illustrated in Figure 1.5 for

an uncertain independent input value (x).
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— X

w
Figure 1.5 Normal Distribution Definition and lllustration (Montgomery, 2009).

For a normal distribution, it is generally exptthat 68% of the population
values will fall within the range of plus/minus osiandard deviation away from the
mean, 95% will fall in the range of plus/minus tatandard deviations and 99.7% will
fall within plus/minus three standard deviatiorsjlastrated in Figure 1.6

(Montgomery, 2009).
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Figure 1.6 Normal Distribution Probability Interval s (Montgomery, 2009).

The normal distribution is commonly assumed téHeeappropriate distribution
for data and is further justified by the centraiititheorem (Montgomery, 2009). The
central limit theorem states that most data ar@r@amately normal” (or
approximately symmetric in nature) and grow moremadized as sample size increases
(Montgomery, 2009). It also states that it shdaédapplicable to most cases where
possible values of a given input are identicalstrabuted and do not “depart radically
from the normal” (or are not extremely skewed) (Mmmery, 2009). There is no
standard rule for sample size and the central lingibrem. Some smaller samples can
be approximately normal, while other cases may feggr sample sizes to fit the
normal distribution.

A triangular distribution is a continuous distrilan that contains user-defined

values for (a) the minimum value, (b) the maximuatue and (c) the most likely value

for an input variable (Figure 1.7). It is commonlsed for variables that have limited
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sample data but can be reasonably estimated. tylesof distribution may be
appropriate for service life input values. No digant research has been done to
guantify the actual service lives of PPTs; therefservice life data is limited. This
type of distribution has also been suggested &oalint rate input values of 3, 4 and
5%, the discount range suggested by the FHWA (199&&gure 1.7 is an example of
what a triangular distribution would look like farthin overlay pavement treatment

with an expected service life of 8 to 14 yearshwiite most likely value being around 9

years (FHWA, 1998a).

Thin Qverlay
A
| LIS

> (b-a)(c-a) ==
-3 -
S f(i’ﬂ-b-C)ﬂ% fore <z <)
L KY

Performance Life, (years) \ | otherwise

Figure 1.7 Triangular Probability Distribution Grap hic and Equations
(FHWA, 1998a).

1.3.3.4 FHWA Stochastic Analysis Procedure

FHWA provides guidance for conducting stochast@CA (FHWA, 1998a),
which includes three steps. First, the analysttrdeside whether to treat the input

values deterministically or probabilistically. $edlly, the input data must lhiged to
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the appropriate probability distribution. Lastigk analysis should be conducted. The

stochastic LCCA process for NPV is illustrated igufe 1.8.

Combine Variability of Inputs to Generate a
Probability Distribution of Results

A A—D
NPV = Initial Cost +

1 A
2. Future Cost x mzl/

N A

Figure 1.8 Computation of NPV using probability andsimulation
(FHWA, 1998a).

Step 1: Deterministic and Probabilistic Input ValDetermination

Step one of stochastic LCCA requires the anatygténtify which input values
have associated uncertainty and will have a maiteffiect on the outcome (FHWA,
2004). Only those values should be treated prdibagally to simplify the analysis
(FHWA, 2004). The deterministic approach doesatioiv probabilistic values, but the
probabilistic approach allows deterministic valués. pavement manager expected
service life to contribute uncertainty that woufteat outcome, then it should be
incorporated into the analysis in a probabilistarmmer (represented as a probability
distribution). If material cost was not expectedave an impact, then it could be
treated deterministically (represented as a patitnate). If the pavement treatment

was expected to incur maintenance costs compa@biese of other alternatives and
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would not have a material effect on the outputséhcosts could be ignored altogether
(FHWA, 1998a). Input value distributions can béjsatively defined based on the
pavement manager’s judgment or objectively defin@sked on historical or current data
from sources like bid tabulations and pavement mament systems. Ultimately, the
analyst must use judgment to properly assess afr@sgluncertainty in analyses.

Step 2: Selecting Appropriate Probability Distrilmrts

The second step of a stochastic analysis is tbdfgiven data set to the “best”
theoretical probability distribution. This is coranly accomplished with statistically-
basedgoodness-of-fitests, such as Anderson-Darling (A-D) and chi-segid?) tests
(Lomax, 2007). Software is available that can etethe task in seconds (Pallisade,
2011). Determining the appropriate probabilitytidosition for given data is a critical
step to ensure output validity, because the LCCl#ased upon the theoretical
probability distributionnotthe actual data (Lomax, 2007; Tighe, 2001). 20@l
study conducted by Dr. Susan Tighe, it was dematestrthat the same data modeled
by different theoretical distributions (normal, thegnormal) in LCCA have produced
a different result. This sensitivity is based uponv well the data fits the selected
distribution based on the symmetry or skewnesscestead with the data. Research has
demonstrated that LCCA can be sensitive to didtiobetype selection, especially in a
low-bid environment, like transportation, where eratl costs do not widely vary for a
given quantity and would tend to yield an asymneethape with a positive skew, like
the lognormal distribution (Tighe, 2001).

The study also concluded that the “magnitude efstkew...is a function of

qguantity” (Tighe, 2001). It was noted that in sportation applications, economies of
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scale can create a situation where values (likenaicosts in dollars) would depart
radically from the normal distribution based on wmfitgt, resulting in an erroneous fit
(Tighe, 2001). The terraconomies of scal®@mply refers to the relationship between
guantity and unit price. A smaller quantity oféiih x” generally has a larger unit price
and a larger quantity of “item x” generally haowér unit price. The unit prices
associated with varying quantities, then, could/\gaeatly (representation of two
populations as one) resulting in an erroneous skahbest fits to a multitude of
distributions, such as Weibull, Beta, Gamma, &iighe, 2001). Therefore, data sets
should contain relatively similar quantities (Tigl2001) so that one population is
isolated from another. When data sets contairivelg similar quantities, the best-fit
distributions have been shown to be normal or predantly lognormal and have been
suggested as proper to use in transportation LCKghé, 2001). It was also noted that
larger quantities had lower standard deviations\acel versa (Tighe, 2001). Thus, data
from smaller projects (less skew) may be betteretextiby the normal distribution
while the larger ones (more skew) should consideddgnormal distribution in LCCA
(Tighe, 2001). Selecting a normal instead of lagmad distribution can, in some cases,
introduce bias into the LCCA (Tighe, 2001).

Research has demonstrated that current market gaic be fitted to
distributions to track volatility in transportatiapecific commodities such as aggregate,
asphalt binder and diesel (Gransberg and Kelly8R0¥olatility in material and
equipment costs has been shown to be directlyectkatdiesel fuel costs in roadway
applications (Gransberg and Kelly, 2008). Undadytommodity volatility assessment

can be more informative than historical pay iteratd¢cacking so that the pavement
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manager can better pinpoint the source of voka@itowing for better quantification of
uncertainty (Gransberg and Kelly, 2008). Curremhmodity data can be
probabilistically interpreted (Gransberg and Ke2008).

Step 3: Risk Analysis

The third step of a stochastic approachsk analysiswhich is based on
probability theory and can be defined as a “systemuse of available information to
determine how often specified events may occurthaesnmagnitude of their
consequences” (Palisade, 2011). Like sensitinghysis, risk analysis seeks to expose
uncertainty associated with input parameters. RisMysis differentiates itself from
sensitivity analysis because it combines “probatididescriptions of uncertain input
parameters with computer simulation to characteheeisk associated with future
outcomes” (FHWA, 1998a). It also allows the anetgsassess variability in all input
parameters simultaneously (FHWA, 1998a). Riskyanmsican be conducted on a
deterministic basis or a probabilistic basis, altffoemploying deterministic risk
analysis (like triangular distribution) resultsamersimplification and reduced accuracy
(Palisade, 2011). Risk analysis can also be @ikt or quantitative.

A Monte Carlo simulation satisfies the conditiaris probabilistic, quantitative
risk analysis. Monte Carlo simulation is a “congn#ed mathematical technique that
allows people to account for risk in quantitativelysis and decision making”
(Palisade, 2011). Palisade Corporation is the maik@Risk a risk analysis software
with Monte Carlo simulation that can be incorpodatgo a spreadsheet (add-in) and
explains the simulation as follows:

“During a Monte Carlo simulation, values are sardpd random
from the input probabilitydistributions. Each set of samples is
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called aniteration, and the resulting outcome from the sample is

recorded. Monte Carlo simulation does this hunsl@dthousands

of times, and the result is a probability distribat of possible

outcomes. In this way, Monte Carlo simulation pde¢ a much

more comprehensive view of what may happen. I tgbu not

only what could happen, but how likely it is to pap.”

(Palisade, 2011)

Certain issues may arise in the simulation stepabald lead to error. The
simulation validity is iteration dependent. A largumber of iterations are desired
because the approximation becomes more accurdiengieasing iterations (Clemen,
1996). If fewer iterations are expectédtin Hypercubesampling may be more
appropriate than Monte Carlo simulation. The satiah process may eventually
converge, meaning further iterations will not sfgraintly affect the outcome results
(FHWA, 1998a).

The relationships between variables should beoegg@! A correlation matrix
can be used to define relationships so that thalatron will not sample in a manner
that produces illogical results (FHWA, 1998a). Egample, an inverse relationship
exists between pavement treatment service lifetiafiic load; when a pavement
segment incurs high traffic load, treatment serlifeeis expected to be shorter due to
deterioration and vice versa. It is not desirdbtdhe simulation to sample from the
high side of the two distributions representindfitaand service life in the same
iteration because that scenario is illogical (FHWA98a).
1.3.3.5 LCCA Issues

Although LCCA is used to compare pavement desitgrradtives, there are

issues regarding the real value of LCCA output (gal. 2003; FHWA, 2001; FHWA,

1998a). According to the FHWA, issues regardiregdhpropriate discount rate, user
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costs, traffic data, future costs, salvage/resigdahle and performance period, among
other things, can create obstacles in conductinGAC(FHWA, 1999). This can create
issues regarding “fairness”, resulting in “contrmsyé (Gransberg and Scheepbouwer,
2010) and doubt as to whether LCCA can be appledgistently and correctly to
determine which alternative is truly the most cei$ective. Due to the sensitivity of
LCCA output based on input values, it is possibbg tin analyst could “play
games...that result in onesspriori recommendation ‘moving to the head of the
line’...and one should avoid it” (White et al. 2013n analyst that is not thoroughly
acquainted with underlying engineering economidyaiatheory may inadvertently
choose input values that create invalid outputis filay be especially true when “asset
alternatives have radically different technicalexdp and dissimilar service lives”
(Gransberg and Scheepbouwer, 2010).

Because of these and other relevant issues fouvatious steps in the LCCA
process with regard to pavement design decisionngalt is necessary to look at the
details of the process focusing on input valuesthadt corresponding sensitivity to
ensure that assumptions do not unintentionally skewutput. Two critical input
values are the analysis period and the discouatarad their selection is based on either
a mandated value or the analyst’'s judgment and &retloften selected arbitrarily. This
is because conventional microeconomic wisdom sthegsf one evaluates two options
over the same period of time using the same didaatm that the comparison is fair
(White et al. 2010; Gransberg and Scheepbouwef)20&/hile this may be true in
theory, if the LCCA output effectively makes thevpment design decision (i.e. the

engineer selects the one with the lowest value) tising a discount rate mandated by
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public entity for all analyses is tantamount t@ading an economist practice pavement
engineering (Gransberg and Scheepbouwer, 2010).
Discount Rate
As previously cited, two of the most critical inpugtlues are the analysis period
and the discount rate and the selection of botfased on the analyst’s judgment and
often selected arbitrarily (White et al. 2010). cAading to the FHWA,
“Discount rates can significantly influence theabsis result.
LCCA should use a reasonable discount rate thdectsf
historical trends over long periods of time. Datatloe historical
trends over very long periods indicate that the tieze value of
money is approximately 4 percent.” (FHWA, 1998a)
The FHWA suggests 3 to 5% (FHWA, 2004), and a nurobstates are within that
range (Hall et al. 2003). According to FHWA'’s Cdo case study, it requires the use
of probabilistic analysis because of the sensytigitthe discount rate selection for the
purposes of revealing the inherent uncertainty (AJ\2009). Many issues contribute
to the discount rate debate (Hall et al. 2003hak been stated that the sensitivity of
this input parameter is such that, if LCCA resulege strictly relied upon, fluctuations
in the economy would dictate pavement design ch@eansberg and Scheepbouwer,
2010). There is also discussion about whethesdinge discount rate should be used to
discount both agency and user costs, osib@al discount ratevould be more
appropriate for user costs (Corotis and Gransi205).
Agency Costs
Volatility in commodity prices is cited as being igsue with regard to agency

cost inputs; therefore, historical costs may béndacation of future costs (Gransberg

and Scheepbouwer, 2010; Gransberg and Kelly, 20@8ig et al. 2009).
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Work Zone User Costs

User costs inclusion/exclusion can have a sigmfigmpact on LCCA output
(Bilal et al. 2009; FHWA, 1998a; Hall et al. 2003jlowever, some of the user costs are
difficult to quantify for the purposes of input uails and there is debate on how to do so
(Peshkin et al. 2004; Hall et al. 2003; FHWA, 19988ometimes calculated user costs
can be so large so as to obscure agency costs (FR@A). The concept of user costs
garnering influence in LCCA output may be espegiptbblematic for budget-
constrained agencies that are more inclined to shatiernatives based on the lowest
hard-dollar costs (FHWA, 2001). User costs can aitgpact an analysis so that it
results in the alternative that has the least sieont inconvenience, when the premise
of LCCA is to garner the best long-term solutiong&berg and Scheepbouwer, 2010).

Service Life

No significant research has been done to quatitéactual service lives of
PPTs; therefore, service life data is limited (Gizarg et al. 2009; Riegle and
Zaniewski, 2002). However, service life determioris crucial because it is
“considered the most superior performance measegause all other long-term
effectiveness measures are computed on the bases\wofe life” (Irfan et al. 2009), like
life cycle cost.

One way for pavement managers to enhance decisaimgiand justification is
to incorporate engineering-based performance d&aiCCA (Bilal et al. 2009;

Reigle and Zaniewski, 2002). Many agencies alreatlgct such data, in the form of
microtexture or macrotexture, to support pavemegrtagement (Gransberg and James

2006). Using this “localized” data can provide @anent treatment performance
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insight (Bilal et al. 2009; Reigle and Zaniewsk)02). It can assist pavement
managers in determining thight treatmentcomponent of theght treatment for the
right road at the right tim@avement preservation strategy (Bilal et al. 2080&5hkin
et al. 2004).

Microtexture and Macrotexture data, or “localizg@iformance data, is
routinely collected by ODOT. A commonly used amio to determine a treatment’s
expected service life (effectiveness) is to extlajgodata based on surface condition
(Bilal et al. 2009) such as microtexture and mapdatre data, which is the approach
used in this research. Incorporating microtextlat into LCCA may reduce the level
of inherent uncertainty associated with [servibg] iguesses” and can yield insight to a
treatment’s effectiveness and cost-effectivenegsg{® and Zaniewski, 2002). If
treatment effectiveness (performance) is not cansiiwhen determining cost
effectiveness, the results may be biased (Bilal.2009). As pavement preservation
emerges as a possible solution to the aging iméretsire problem, research has shown
that coupling cost efficiency and treatment effesmtiess, termedconomic efficiency
(Bilal et al. 2009) may be the key to determinihg bptimal preservation timing
(Peshkin et al. 2004). This would assist the par@manager in selecting the “right
treatment to the right road at the right time” (@wuse et al. 2003).

Analysis Period

Selection of an analysis period (common periodmé} to accommodate
alternatives with differing service lives, whichnstly the case in pavement treatment
alternatives, is necessary in determining the NPsbmpeting alternatives. This must

be done so that cost differences can be assesdedsuits fairly compared (FHWA,
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2001) and engineering economic analysis principfggeld (White et al. 2010).
According to a recently published engineering ecoigs text, the analysis period

“...defines the period of time over which the compan of

investment alternatives is to occur; it is the Wwidif the window

through which you look to assess the economic padaces of the

alternatives. The [analysis period’s] length carldss than, greater

than or equal to the useful lives of the investnadtarnatives being

considered. The ideal circumstance is for the ulskves to

coincide in duration with the [analysis period]f, on the other

hand, the [analysis period] is longer than one oratlives of the

alternatives, then explicit decisions must be meelgarding the

‘gap’ that exists between the end of an alternaivuseful life and

the end of the [analysis period]. What about #rmeaining case of

the [analysis period] being shorter than the lotjeed

alternative? In this case, estimated values olSeduives of the

alternatives are required.” (White et al. 2010)

But selecting an appropriate analysis period caprbblematic due to its
sensitivity, meaning that with all other inputsdhebnstant, changing the analysis
period can result in different alternative rankirfghite et al. 2010; Riegle et al. 2002).
The use of a residual value mandated in the abogegassumes that a facility has a
guantifiable value. While this can be done easityused cars, in order to realize the
residual value of a pavement, the owner would havear it up and sell the salvaged
materials, which is unrealistic. Additionally thation’s highway system contains many
miles of road that have exceeded expected selfécaite in poor condition but still
provide some level of service. Thus, there is Basrquestion that a realistic fixed
period of analysis can be found for infrastructassets like roads (Gransberg and
Scheepbouwer, 2010).

The various methods for selecting/setting an gmpte analysis period (AP) to

determine the present values of competing alteresitire as follows

(White et al. 2010):

37



* AP Method 1: set equal to the shortest life amdtegraatives
* AP Method 2: set equal to the longest life amongrahtives
* AP Method 3: set equal to the least common mulpléne lives of the various
alternatives
* AP Method 4: use a standard AP, such as 10 years
* AP Method 5: set equal to the period the best sirganization’s need for
the investment
* AP Method 6: use an infinitely long AP
There is no consensus on which method is the “fes8electing an analysis
period, but the decision should be based on thestnvent scenario at hand as
suggested above in (5) (White et al. 2010). Thisiither evidenced by the FHWA's
Interim Technical Bulletimeferring to “LCCA Principles of Good Practice’HWA,
1998a). As a default, if the “best” method is abtvious, the use of a standard AP, if
logical considering the investment scenario, isggred (White et al. 2010), as
illustrated in Figure 1.9.
The FHWA does suggest using a standard analysisdpeinosen from the range
of 35 to 40 years (FHWA, 2004) that accommodatéseast one major rehabilitation
activity for each alternative being considered” pavement design decisions (FHWA,

2001).
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Figure 1.9 Standard Analysis Period, One Major Rehhilitation Accommodated.
It has been suggested that setting the analysisdpoequal to the shortest life
can easily result in the shortest-life alternabveéng favored over the other longer-life

alternatives (Hall et al. 2003), as illustratedrigure 1.10.

Alternative A,

residual value,

Alternative B4 _|

Shortest-life
) Analysis
Time 0 Period, TimeA’

Figure 1.10 Analysis Period Set to Shortest-Life A¢rnative.
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It has also been suggested that choosing to s&Rhequal to the longest life
alternative (Figure 1.11) is preferred and thaA&be “sufficiently long to reflect
significant differences in performance among thieed@nt strategy alternatives”

(FHWA, 1998a), but not so long that it becomes asomable (Hall et al. 2003).

gap, Alt. A residual value,
Alternative A, |
e |
Alternative B4
] Longest-life
Time 0 Analysis
Period. Time B’

Figure 1.11 Analysis Period Set to Longest-Life Adrnative.

The issues with setting the AP consistent withntiehods 1, 2 and 4 are that
gaps and/or residual values must be addressedtl &teanatives whose service lives
are shorter or longer than the AP, respectivelg,ame unacceptably sensitive to the
input value (Gransberg and Scheepbouwer, 2010).

“Filling the gap”, as illustrated in Figure 1.Irgéquires that a shorter life
alternative (relative to the analysis period) bejtiated” to “fit” the analysis period, and
generally, repeating service lives having identczah flow profiles are assumed to
repeat until the gap is filled. This redundancgeivice life length and costs issue is

viewed as not realistic because it relies on anrmaption that today’s costs will not
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change for any other reason than inflation. Pavesniéat use large amounts of asphalt,
concrete and steel are subject to commodity pridatiity to a much greater degree
than the average inflation rate in the US. Thus, findamental assumption calls into
guestion the validity of algorithmic technique. ré@sberg and Scheepbouwer, 2010;
Hall et al. 2003).

On the other hand, an alternative with a longridiative to the analysis period
must be adjusted to fit the analysis period, astithted in Figure 1.10, with any
remaining life, at the end of the analysis perlmeing accounted for by computing a
residual of the asset at the end of the periodidral value is based upon an
alternative’sremaining service life (RSL)it is the portion of the alternative’s lifetime
that will be assumed to “continue in service” beydime analysis period and an analyst
would need to use judgment to determine that viweedit (less associated
maintenance costs, etc) the alternative for armlysiposes (Lee, 2002; FHWA, 2001).
The methods that can be used are a matter of dgbeatesberg and Scheepbouwer,
2010; Lee, 2002) but can be generalized as follows:

Residual Value (RV) = (RSL =+ total service life)nitial cost (Kane, 1996),

and the treatment ‘credit’ = RV less associatednatg costs (Lee, 2002).

This generalization is consistent with the FHWA’sthod of determining residual
value (FHWA, 1998a) and is similar to straight lohepreciation methods (Gransberg
and Scheepbouwer, 2010).

Essentially, both adjust-to-fit mechanisms basetherredundancy-of-

identical-cash-flow-profile assumption to eithdkthhe gap or determine residual value

are purely mathematical means to contain a selcwithin a given analysis period.
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Hence, setting the analysis period consistent thighshortest life, longest life or using a
standard analysis period, which require adjustlteyraatives to fit can yield the same
ranking of alternatives as using the least commaltipte of alternatives and an infinite
period, which do not require the adjust-to-fit magisms (White et al. 2010). This
renders the “arbitrarily truncated lifetime unnesay” (Lee, 2002). If the analyst
intends to assume that costs and service life hsngtll remain constant over time

(with only mathematical adjustments of gaps analues values for analysis period
accommodation), the method selected would be waglebecause all should yield the
same decision support (White et al. 2010).

However, it is unreasonable to assume that costsenvice lives will remain
constant over time (Hall et al. 2003). This isexsally true when a specific pavement
or treatment has its service life expressed asgeréGransberg and Scheepbouwer,
2010). Thus, it is necessary to view the “redundast/service life” in a broader scope.
A road segment (asset) is generally intended t@mem service indefinitely and
pavement treatments are expected to be appliethaounsly over the life of the asset,
although the service life of a treatment is fir{itee, 2002). Because of this and the
points cited above regarding the same outcomesdiega of analysis period chosen so
long as gaps and residual values are proportigngpekad so as to be consistent with
the fully crediting the treatment, then the anaysn be considered “fair” and in
accordance with engineering economic principlelis fieutralizes analysis period and
redundancy issues (Gransberg and Scheepbouwer). 2010

There may be times when it is not prudent to asshateservice life lengths and

costs will be redundant, such as when an actisityoi longer in a “continuous” state
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(Figure 1.12), but rather one of “termination” (L.2€02), in which the analysis period
defaults to be consistent with the termination @ifég1.13). When using EUAC, the

“mistake” occurs when the planning horizon is nmsidered or acknowledged for the
investment (White et al. 2010). In the instantgaswould be a mistake to use EUAC

without regard to the next rehabilitation or redomstion.

Alternative A; I Alternative A, | Alternative Az | Alternative A,

Alternative By Alternative B2 | Alternative By

Time ‘n’
Time 0

Figure 1.12 Continuous State, Next Rehabilitation/Bconstruction Unknown.
Subsequently, the “encroachment” of the analysiogen the service lives of
alternatives is expected to have a material effgitt regard to the treatment of residual
value for one or more of the treatment alternativBlserefore, this encroachment must
be addressed in the calculations (White et al. 2010

If the gaps or residual value are to be addressadather manner besides those
listed herein, then the analysis period shoulddrefally considered. The material
effect is determined by the analyst’s judgmenthsosensitivity and risk become
dynamic and the analysis more complex. This renther analysis period selection

relevant due to its influence on the analysis tesuh other words, “slightly different
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assumptions regarding the [residual values] ofnmalete life cycles [could] ... produce

different recommendations” (White et al. 2010).

gap,
Alt. A, )
residual value =0

Alternative A | |

| gap, )

Alt. B, residual value =0

l l Alt. B,
Alternative B4 |
i |

Next Expected
Rehabilitation/
Reconstruction, Time'‘t’

Time O

Figure 1.13 Termination State, Next RehabilitationReconstruction Known.

EUAC, which is discussed throughout the remainddhis writing, is an
alternative method that avoids the problems aforgimeed with NPV AP (White et al.
2010). It will yield the same preferred alternatas NPV (all AP methods) if
Redundant Cost/Service Life assumption is true AEWas been suggested as proper
to use in transportation decision making when seriives differ in length for given
alternatives (Thoreson et al. 2012; Gransbherg ah@é&pbouwer, 2010; Sinha and Labi,
2007).

1.4 RESEARCH METHODOLOGY
This section provides the general research metbggdor the research effort.

Because this is a paper-based dissertation, hoy&wegific research methodology is
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disseminated in applicable chapters. This resaarttte synthesis of three independent
sources of information:
e acomprehensive literature review,
* asurvey of Oklahoma Department of Transportat@D@T) pavement
managers, and
* PPT field trial data.
This research employed the following research umsénts:
* an analysis of current state transportation agsrageision-making processes
» asurvey of ODOT pavement managers, and
e case study analyses from field trials.
Research Approach
Research objectives were met through completidasis described in this
section. LCCA methodology was demonstrated usatg ttom current field trial PPTs.
Probabilistic results were compared to the detastioresults to determine
relationships and sensitivities of input values BG@CA methods. Results are reported
in subsequent chapters. The final deliverableiEEdAC-based LCCA model, with
deterministic and stochastic modes, developed ety for PPT evaluation. Figure
1.14 illustrates this approach and is followed lnetailed discussion of the associated

research tasks.
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Phase 1 Evaluate Current Decisioraking Processes

Task 1 Task 2 Task 3
Evaluate Evaluate Evaluate
SHA OoDOT current LCCA
processes processes methods
Research Methods Key Outcomes
e Literature review e LCCA use determination
* ODOT survey * LCCA method selection

e Document content analysis

Phase 2 Strategies, Methods & Tools Developime

Task 4 Task 5 Task 6
Develop Develop Develop
deterministic deterioration stochastic
algorithm models algorithm
Research Methods Key Outcomes
* LCCA step-by-step »  Deterministic LCCA EUAC model
analysis » Field trial deterioration models

* LCCA application analysis « Stochastic LCCA EUAC model

Phase 3 Application and Validation

Task 7 Task 8 Task 9 Task 10 Tasks 11-13
Case Studies Calculate Compare Explore Validate EUAC
field trial EUACs EUAC relationships Models
data Results and sensitivities
selectiol revealed by
LCCA
Research Methods Key Outcomes
» Case study output ¢ Final Deterministic LCCA EUAC model
analyses » Final Stochastic LCCA EUAC model

* Final Report for LCCA for Pavement
Preservation Treatments

Figure 1.14 Research Approach.
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Research Tasks

Task 1: Review Literature

A comprehensive literature review was conductetirafevant issues were
discussed previously in this chapter. In summaoyjterature was found that
specifically addresses LCCA for PPT evaluationtetature was found regarding
LCCA at transportation design and network levelyéeer, which provided sufficient
guidance for this research. The review also rexetilat state highway agencies are
seeking and are responsible for implementationHe@€A tools.

Task 2: Complete Oklahoma Department of Transport§dODOT) Survey

A survey was developed in accordance with the nustlogy specified by
Lehtonan and Pahkinen (2004). It was deployeddmlthe current processes used by
ODOT pavement managers when making decisions reggpavement treatment
selection. The responses indicated that initiat ptays a primary role when deciding
which pavement treatment to employ and that lomg+teost or cost-effectiveness of a
treatment selection is not considered, i.e. LCCAasconducted. The survey also
yielded information about other decision makingdas, as well as the types of
preservation and maintenance treatments typicadiialled in Oklahoma, and each
treatment’s cost range, productivity range anddgipservice life range based on factors
such as average annual daily traffic (AADT), petdeuck traffic and pavement

condition, as shown in Table 1.1.
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‘'sasuodsay AoANS 10AO0 T'T a|qel

ODOT Survey Respons
Response
1 2 3 4 5
LCCA used in current decisic No
Current decision-making methodology Judgment| Judgment| Judgment
Importance of decisic-making factor
(Ranking: 1-most important, 5- least or not impot}a
Initial cost of pavement treatment (P[T) 2 1 1 1 1
Safety 1 3 3 2 1
Traffic volume 3 3 5 2 2
Existing surface condition 1 4 1 2 2
Service life of PT] 4 3 4 3 2
Availability of PT 3 2 5 5 5
Avalilability of trained crew to install PT 5 4 5 3 4
Weather constraints for P[T 4 3 2 4 3
Past experience with PT’s effectiveness 1 5 3 2 2

Most common PPTs (average service life, unit ¢

pd)MA (10 years, $70/ton); chip seal (5 years, $ISK)/




The survey data, combined with literature review the field trial data
associated with this project, was collected forghgpose of defining the input values
and other parameters with regard to costs (usaestagtion, etc.) and time (analysis
period, service life, etc.) associated with spedigld trial PPTs for use in both
deterministic and stochastic EUAC models.

Task 3: Reduce and Analyze Data

Data resulting from the ODOT survey and case stidas been analyzed.
Results are disseminated throughout the remairfdarsowriting.

Task 4: Create/Validate Deterministic EUAC LCCA dds

Chapters 3 through10 (excluding Chapter 6) desaiid demonstrate the
deterministic EUAC LCCA model that was created viititcrosoft Excel and validated
(Chapters 3,4,11) for evaluating concrete paverreatments and asphalt pavement
treatments. The model is consistent with FHWA LCS8w#&ps 1-6 and complies with
engineering economic principles, like acknowleddimg next expected rehabilitation/

reconstruction, as illustrated in Figure 1.15 arelusly discussed in this chapter.
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-Professional Judgment ;
-PCI Establish PPT
-AADT .
Microtexture > Alternatives
-Macrotexture
-Other JL
Is the year of the next rehabilitation or
reconstruction known?
No |« > Yes
\Z \l/
Determine Service Life Enter year of next R/R

Determine Activity
Timing

!

Determine Agency
And User Costs

Vv

Calculate
EUAC

Vv

Analyze
Results

Vv

Reevaluate
Results

Figure 1.15 PPT EUAC LCCA Model Logic.
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Task 5: Develop Deterioration Models from Fieldal' Data

Chapters 4, 7 and 10 describe and demonstratéeteaoration models that
have been created for the purpose of approxim&tBQA service life input values for
various treatments.

Tasks undertaken for stochastic LCCA model devakaqt to answer the
research questiomoes stochastic LCCA produce a different resulh theterministic
LCCA for PPT?

Task 6: Create a stochastic EUAC LCCA for PPT

Chapters 8 through 11 describe, demonstrate alithte the stochastic EUAC
LCCA model that was created for this researchncorporates @Risk Software
(Palisade, 2011) into a Microsoft Excel spreadstiestspecifically allowed for
probabilistic treatment of input and output valtle®ugh use of Monte Carlo
simulation and other tools. Model logic is the saas that for the deterministic model
(Figure 1.15). However, the mechanics are intirelifferent and are discussed in

Chapters 8 and 9 and illustrated in Figure 1.16Hercommodity-based analysis.
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/V

Step 1: Material Labor Equipment
Input
Variables 1/
AC A B Diesel
Binder ggregatq Fuel
Step 2:
Fit Data
Step 3:
Risk Monte Carlo
Analysis Simulation

Figure 1.16 Commaodity-Based Stochastic LCCA Logic.
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A

HMA EUAC LCCA
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Task 7: Select PPTs for Stochastic Analysis

Chapter 10 demonstrates stochastic LCCA usingd®d from test sections
associated with this research (Chapter 2). The $&efions correspond with those used
in the deterministic LCCA case study in Chapter 4.

Task 8: Calculate LCCA for PPTs from Deterministicd Stochastic

Approaches

Chapter10 discusses deterministic and stochaSt¢A _calculations conducted
for the various PPTs. Input values and calculatimiowed established protocol for
deterministic or probabilistic treatment (Figuré3).

Task 9: Compare the Stochastic and DeterminisguRs

Deterministic and stochastic LCCA results for eREIT were evaluated and
reported in Chapters 8 and 10, and the researdtiquavas answered. The stochastic
results did differ from the deterministic results.

Task 10: Explore the Relationships and Sensisiaf Input Values

The differences in LCCA results were explored tigto sensitivity analysis.
The relationships and sensitivities of input valbad an effect on outcomes, as noted in
Chapters 8 through 10.

Task 11: Validate Stochastic EUAC LCCA PPT Modaetdrnal Validation)

Deterministic and stochastic modes of the EUAC ehadkre internally
validated via numerous methods, as reported in €hag.

Task 12: Validate Stochastic EUAC LCCA PPT Modetternal Validation)

The model created for this research was externaligated with a pilot study

using macrotexture and cost data for San Antongiriot chip seals, as reported in
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Chapter 11.
Task 13: Validate Stochastic EUAC LCCA PPT Modgbiistruct
Validation)

The major research assertions were reassessedtaxtof the literature review
and it was concluded that the research exhibitstooct validity, as reported in
Chapter 11.

Task 14: Report Results

The case study results are reported and illustiatsubsequent chapters of this
writing.

1.5 DISSERTATION ORGANIZATION

This dissertation is organized in journal-papenfat with each paper presented
in a logical order that promotes the flow of thadimg. It presents, demonstrates and
validates the deterministic/stochastic EUAC LCCAd®lathat incorporates engineering
and economic data to produce life cycle cost outmattcan be used by pavement
managers to enhance the decision-making processaamanent preservation
justification. The dissertation body has 4 logigaits, as illustrated in Figure 1.17 and
further explained in the next section:

* Part1: Introduction (Chapters 1 and 2).
» Part 2: Deterministic EUAC LCCA for PPT:

This part contains the development and applicatidhe deterministic model,

which is appropriate when uncertainty is not exgedo impact results (FHWA,

1998a) (Chapters 3-7).

* Part 3 - Stochastic EUAC for PPT:
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This part contains the development and applicatidhe stochastic model,
which is appropriate when uncertainty is expectednipact results (FHWA,
1998a) (Chapters 8-11).

* Part 4 — Conclusion (Chapter 12).

Part 1 — Introduction: STOCHASTIC LIFE CYCLE COST ANALYSIS MODEL FOR
SUSTAINABLE PAVEMENT PRESERVATION TREATMENTS

\ 4

Chp.1 Chp.2

L Research and field test introduct

Part 2 — Deterministic EUAC Model

» Chp.5
EUAC model for airport
pavement application Application
v Validation
Chp.4
EUAC P Chp.6
justificatior Macrotexture
measurement
justificatior
EUAC and deterioration model _v
for chip seal application _
»{ Chp.7

"EUAC model an deterioration mode

Part 3 — Stochastic EUAC Model

Chp.8 EUAC model for
Stochastic validatior
EUAC model for
application
Chp.9

"Research finding

Part 4 — Conclusion: STOCHASTIC EUAC LCCA IS APPROPRIATE AND PRACTICALOR
SUSTAINABLE PPT COST EFFECTIVENESS EVALUATION ANCSIENHANCED BY
PERFORMANCE-BASED SERVICE LIFE DETERMINATION

Legend

: . Disseminated in Journal
Published Pape
- pee_)—»submittecPaper /\—»Disseminated in Jou

Figure 1.17 Dissertation Roadmap.
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Chapter 1 provides the context for the dissertati@hapters 2 through 10 each
contain a journal paper that presents the findofdhis research project: 4 published (3
peer-reviewed journal and 1 peer-reviewed full pajpaference proceedings), 2
accepted for publication (1 peer-reviewed jourmal & peer-reviewed full paper
conference proceedings ), and 3 that are prepared submitted for publication to
peer-reviewed journals. Chapter 11 details rebeabdation, and Chapter 12 consists
of conclusions, contributions, and recommendatfon$uture research.

Part 1: Introductiorfincludes Chapters 1 & 2)

Chapter 2 entitled “Comparative Field Testing sphalt and Concrete
Pavement Preservation Treatments in Oklahoma”dntres the overall research project
and the pavement preservation field test sectioaisyielded engineering data used in
the LCCA and deterioration models, as discussetlisequent chapters. Along with
Chapter 1, this chapter validates the need fordgeearch and discusses the main
concept of combining engineering technical datd witonomic data to evaluate the
cost effectiveness of PPTs, which lays the founddior the development of this
dissertation.

Part 2: Deterministic EUAC Model for PPT (Includékapters 3 — 7)

Chapter 3 entitled “A Comparative Analysis of Neesent Value and Equivalent
Uniform Annual Cost in Chip Seal” justifies the édspment of a EUAC-based model
for PPT evaluation. It demonstrates the complexstyociated with the NPV method
due to arbitrary input parameters and irrelevampwu This chapter highlights the
applicability, practicality and superiority of tliEeJAC model and shows that it is

“consistent with the level of investment” (FHWA,@0.
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Chapter 4 entitled “Life Cycle Cost-Based Paveinfaservation Treatment
Design” introduces the mechanics of the new EUACKGnodel and the deterioration
models developed specifically for PPT evaluatiodetermine the most cost effective
alternative. This chapter justifies the inclusadrihe continuous and terminal modes
into the EUAC model on the basis of engineeringhecaic principles.

Chapter 5 entitled “Evaluate Airport Pavement Manance/Preservation
Treatment Sustainability Using Life-Cycle Cost, Rislaterial Consumption and
GreenroadsStandards” shows how the EUAC model discusseldrptevious chapter
can apply to airport pavements. It also demoredrabw LCCA results can be coupled
with other sustainability metrics to assist pavetmeanagers in pavement treatment
selection.

Chapter 6 entitled “Comparative Analysis of Mackbiee Measurement Tests for
Pavement Preservation Treatments” discusses apgoprethods of measuring
macrotexture for specific pavement treatments.s Thapter provides the justification
for using TNZ T/3 sand circle measurement dataeterghine chip seal service life. It
forms the basis for performance-based LCCA to datex chip seal cost effectiveness
in Chapters 7 and 10.

Chapter 7entitled “Performance-Based Life CyclstGmalysis: A Chip Seal
Field Test Case Study” applies the models and ndelbgies discussed in preceding
chapters to a chip seal case study and dissemiaatethodology and makes the case

for including treatment performance data in LCCA.
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Part 3: Stochastic EUAC LCCA Model for PPT (Chapi®-11)

This part serves to answer the research quesfideinonstrating that stochastic
LCCA offers a different answer than determinist€QA, which is demonstrated in
each of the chapters.

Chapter 8 entitletiStochastic Life Cycle Cost Analysis for Pavement
Preservation Treatments” builds upon the LCCA cptge preceding chapters and
creates a stochastic EUAC model. It introduce®ehastic EUAC LCCA
methodology that demonstrates the value of expdbiagolatility associated with
underlying construction commodities.

Chapter 9 entitled “Stochastic Pavement Presenvdiieatment Life Cycle Cost
Analysis Algorithm” further disseminates the deyeteent of the stochastic EUAC
model by discussing the mechanics of the continamalsterminal modes. This chapter
correlates with Chapter 4 that discussed continandsterminal modes for the
deterministic model. Both serve to demonstrateehadherence to engineering
economic principles.

Chapter 10 entitled “Comparative Analysis of Sedddtife Cycle Cost Analysis
Methods: A Pavement Preservation Treatment Cas®y/Stuthe culmination of the
research effort. It builds upon the methods anthouwlogies in the preceding chapters
and conducts a comparative analysis of determiAsised, stochastic-based and

performance-based LCCA methods to show LCCA seledensitivity.
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2.0COMPARATIVE TESTING OF ASPHALT AND CONCRETE
PAVEMENT PRESERVATION TREATMENTS IN

OKLAHOMA 1!

Riemer, C., D.D. Gransberg, M. Zaman, and D.M.eRger, “Comparative Field
Testing of Asphalt and Concrete Pavement Preservalreatments in Oklahoma,”
Proceedings,1® International Conference on Pavement Preservafioansportation
Research Board, Newport Beach, California, Apfll@, pp.447-460.
2.1 PAPER SYNOPSIS

This chapter contains the earliest publication eissed with this research
project and served to disseminate interim rese@shts stemming from the PPT field
tests. A PPT deterioration methodology is intraatlithat uses microtexture and
macrotexture (performance measurements) to estirmataining service life. The
paper introduces the concept of correlating engingeéechnical data with economic
data to determine “bank-for-buck” in support of theerall research project’s primary
objective.
2.2 RESEARCH METHODOLOGY

The project’s major deliverable is a pavement sigrtexture maintenance guide
that can be used by ODOT pavement managers toeesidface texture and skid
resistance to various types of pavements througheustate. This will constitute a
surface retexturing “toolbox” that contains botk technical engineering information
as well as the economic analysis of each treatmeifficacy. The idea is not to identify

the “best” method but rather to quantify the betsedi all the treatments in a manner

! The original journal paper has been reformattethade it consistent with the other published
chapters in this document.
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that then allows a pavement engineer to seleaighé pavement preservation “tool”
for the specific issue that they need to addredssatisfy the fundamental definition of
pavement preservation: “put the right treatmentth@nright road, at the right time”
(Galehouse et al. 2003).

The research project established a series of Bspithconcrete test sections on
State Highway 77H (Sooner Road) between NormarCktahoma City, Oklahoma
(Figure 2.1). Each test section is ¥ miles (400ens¢iong and one lane wide. Each

section has been retextured with a different tyjggawement preservation process.
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Figure 2.1 Oklahoma Pavement Preservation Test Sitdap.
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Table 2.1 shows the different PPTs that are inaudéehis research. 14 of

these treatments were installed during the sumin20@B8 and have 12 months of data

at the time of this writing. The remaining sectiovere installed during the summer of

20009.

Table 2.1 Oklahoma Pavement Preservation Test Seafis.

Asphalt Test Sections

Surface Treatment

Chemical Treatment

Mechanical Tratment

 Fog seal

 Microsurfacing

« ODOT Standard 3/8”
chip seal

« ODOT Standard 5/8”
chip seal

« ODOT Standard 5/8”
chip seal with a fog seal

« Single size %2” chip seal

« Novachip

» Open Graded Friction
Course

» Open Graded Friction
Course with a fog seal

« Permeable friction
course

« 1” Hot Mix Asphalt mill-
inlay

 E-Krete pavement surfac
stabilizer

 Asphalt penetrating
conditioner with crack
seal

e- Pavement retexturing
using shotblasting (48”
width)

« Pavement retexturing
using abrading (72"
width)

« Pavement retexturing
using abrading (72"
width) with fog seal

« Pavement retexturing
using a flat headed
planing (milling)
technique with asphalt
penetrating conditioner

« Asphalt diamond grinding

)

Concrete Test Sections

Surface Treatment

Chemical Treatment

Mechanical Tratment

« Pavement retexturing
using shotblasting treate
(48" width) with
Nanolithium densifier

« Pavement retexturing

] using shotblasting (48”
width)

« Pavement retexturing
using abrading (72"
width)

« Diamond grinding

« “Next Generation”
diamond grinding

Surface friction and pavement macrotexture weresonea on each test section

before the treatments and continue to be measuredwonthly basis for three years
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after application. Thus, changes in both microtexand macrotexture will be recorded
over time, and each treatment’s performance camlibecompared to all other
treatments in the same traffic, environment, am tperiod.

The first step was to mark the individual test m&s. Quarter mile asphalt test
sections were selected along the south-bound,dauksne of SH 77H at locations
where the alignment was as straight as possiblditiadally, areas at intersections and
turn-outs were avoided to the greatest extent plessConcrete test sections were
located in all four lanes of SH 77 using the sataadard for actual siting as the asphalt
sections. A specific test location roughly in thieldhe of the test section was marked to
ensure that measurements are taken in the sant®mtoeach month. Finally, untreated
control sections were established between thesgesions on the existing pavement
surface.

Once the test sections were properly marked anfidlaetesting protocol was
finalized, the pre-treatment condition of the @rgtpavement surface at each test
section was characterized using the same testsafisedhe treatments are applied This
furnishes a benchmark against which to measurehtaege in surface friction and
macrotexture before and after the treatments fchn &st section before traffic and
environmental conditions begin to impact the treatts.

The aggregate used in each of the treatments \sagted to the same source.
Abrasion resistance and aggregate microtexturéharevo characteristics that have the
greatest impact on skid resistance. Thereforer pmitnstallation, aggregate samples
were collected and characterized in the laboraisiyg both the Micro-Deval method

to test for abrasion resistance as recommendedsbiV#A report on pavement
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preservation (Beatty et al. 2002) and the Aggrefyasging System (AIMS) (Bathina,
2005). The Aggregate Imaging System (AIMS) is usegrovide a quantitative
evaluation of the form, angularity and texture ofrse aggregates and angularity and
form of fine aggregates used in surface treatmethads. All aggregates used in the
research have been characterized in the same manner

The field test section data will consist of frictimeasurements using the ODOT
skid trailer and two types of macrotexture measar@s)(Outflow meter ASTM STP
583 and the Transit New Zealand TNZ T/3 Sand Qirdlee TNZ T/3 testing
procedure supports the TNZ P/17 performance spatibn which can then be used as
a metric to judge the success or failure of théasertreatments in their first 12 months
based on a field-proven standard (Transit 200218&d). Figure 2.2 shows the skid

trailer and the two field macrotexture tests besngducted in the field.

Figure 2.2 ODOT Skid Trailer, Outflow meter ASTM STP 583 and the Transit
New Zealand TNZ T/3 Sand Circle Testing.
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A recently completed pavement surface texture reegaroject in Texas proved
the validity of both the test procedure and thdgrarance specification for use in the
US (Gransberg, 2007). The purpose of taking twiedsht types of measurements of
pavement surface macrotexture is to allow a baécikcly relative readings to be
conducted and thus improve the accuracy of theetisengineering property data
collected as well as to enhance reproducibility. ffore detailed information about the
test methods and application guidance, see Chépter
2.3 RESULTS

It would be impractical to report on the performarmd all the test sections in
this chapter. So, a few examples are providediltbatrate the emerging findings of the
project. The fundamental objective involves measythe change in macrotexture and
skid number over time. A previous study found ttia¢ skid number gradient with
speed is inversely proportional to the pavementratexture” (Flintsch et al. 2003).
Thus, as this study is focused on pavement pres@nyé is important to observe the
change over time for each measurement on eachdetsbn treatment. Figure 2.3
shows the observed change to date (11 months)don@ete pavement retextured
using the Blastrac shotblasting technology andsphat pavement that was covered

with an open-graded friction course (OGFC).
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Test Section 15 - Blastrac Shotblasting
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Figure 2.3 Test Sections 2 and 15, Skid Number amdacrotexture Measurements
for Year 1.

Although the concrete pavement with shotblastesf section has very low
macrotexture, it remained virtually constant over year, as shown in Figure 2.3. The

section exhibits high microtexture, although thelstkumber dropped initially. It must
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be noted that the test protocol was establisheedoce as much variation in test
locations as possible. However, all three testsrdmerently variable as it is functionally
impossible to take the measurements in exactlgdinge spot. Thus, it is the trends over
time that are important rather than the individunaasurements.

The next example is a test section that was tleatth an asphalt penetrating
pavement conditioner (i.e. one of the chemicalttneats). This treatment is
recommended as a PPT for structurally sound aspaaiments whose primary distress
is oxidation. This section did not receive surfegtexturing, which is the cause of the

two macrotexture test measurements remaining velgtconstant (Figure 2.4).

Test Section 9 - Pavement Conditioner
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Figure 2.4 Test Section 9 Skid Number and Macrotexte Measurements for
Year 1.
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Although the conditioner had an initial negativepawt on skid number, the loss
in skid resistance dissipated as the surface fiam worn away by traffic. The project
has a second test section that used the same pedtkranmilling 1/8 inch off the
surface. It also suffered a short-term loss of s&gistance, but exhibited increased
macrotexture. This is the type of information tisaturrently missing in the body of
knowledge. This shows that while there is a losskid number initially, it takes
roughly 3 months to reach a level of 35 and thagssabove that level for at least the
remainder of the year. A maintenance engineer oanmake a rational decision as to
the viability of this PPT.

Figure 2.5 shows an example of the most costihefRPTs: a thin (1 inch/2.5

cm) HMA mill and inlay that has very low macroteseubut high skid numbers.

Test Section 7 - 1" Mill and Inlay
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Figure 2.5 Test Section 7 Skid Number and Macrotexte Measurements for
Year 1.
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Given the research by Flentsch et al. (2003)ghatvs that macrotexture is
important to pavement drainage and the reductidrydfoplaning, this treatment would
be best used in areas where climatic conditiongpandment geometry do not lend
themselves to periods of wet pavement. If this dusapply to the problem at hand
then a treatment such as a chip seal would beter lngioice.

Figure 2.6 shows the comparison with the above anidl inlay test section and a
chip seal test section. First it should be noted tihe inlay test section was constructed
Two months after the chip seal test section, hémeelifferent periods shown in the
graph. This example graphically shows the tradekeft must be made by a
maintenance engineer when deciding to which PRioist appropriate for a given
problem on the highway. A later phase of this regeproject will set to measuring cost
effectiveness based on actual field performance.t€bhnique that will be used will be
cost index number theory (West and Riggs, 1986 Hthnique allows the analyst to
measure the “bang for the buck.” In this casefdtHewing equation can be used to
calculate the Skid Number Cost Index for each meat alternative (Gransberg and

Zaman, 2005).

SNCt = __ TG Eqg. 2.1
Ave SN
Where: SNGI = Skid Number Cost Index of Treatment “i”
Ave SN = Average Skid Number of Treatment “i”
TG = Total Cost per Lane-mile of Treatment “i”
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Mill and Inlay vs. Chip Seal
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Figure 2.6 Comparison of Skid Number and Macrotextue Measurements Hot Mix
Asphalt Mill and Inlay versus a Chip Seal.

Using the July 2008 prices from the Oklahoma Depeant of Transportation,
which is the period in which these two treatmengseninstalled, the results obtained
are shown in Table 2.2. The alternative with thedocost index number is considered
the more cost effective option. Microtexture, maexture and cost data can provide the
pavement manager with necessary decision-makiogmation. HMA costs six-times
more than the chip seal option in this case, biatieases skid number by 40%. The
pavement manager would have to determine if thatffscient to justify one alternative
over another, as well as take other external factocation, traffic level) into account.
The idea is to change the decision criterion franmimize cost” to “maximize value”

by having all the necessary decision-making infdromein one place.
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Table 2.2 Skid Number Cost Index Analysis of Treatrant Alternatives.

PPT Performance-Cost Analysis

Total Cost | Average
Unit Price per Skid Skid Number
PPT (July 2009) | Lane-Mile | Number | Cost Index
1" HMA Mill and Inlay $8.52/SY $59,981 52.6 1,148.2
Emulsion Chip Seal $1.51/SY $10,630 37.6 282.45

1 SY =0.84 SM; 1 Lane-mile = 5,890 SM

2.4 CONCLUSIONS

This study shows the value of long-term pavemeesgnvation field research. It
also shows the need to have the combination of imtlotexture and macrotexture
data available to the pavement manager in the BREtBN process. The combination
of these two measurements, along with cost datanalysis, provides the tools
necessary to support an informed engineering anthgeament decision.

This project demonstrates a robust partnershipdetwovernment, academia,
and industry. The fact that over $400,000 wortPPBf's were donated as well as the in-
kind donations of ODOT in providing traffic contrakid testing, and engineer’s time,
shows the importance of research in pavement pats@n. This project is not a
competition between products. It is the start oéaayclopedia of pavement
preservation comparative analysis, and projectiisfature should be instituted
throughout the US to provide the unique local panfance information that only long-

term filed testing can generate.
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3.0A COMPARATIVE ANALYSIS OF NET PRESENT VALUE
AND EQUIVALENT UNIFORM ANNUAL COST IN CHIP

SEAL?

Pittenger, D.M. and T. McCuen, “A Comparative Arsdyof Net Present Value and
Equivalent Uniform Annual Cost in Chip Seal,” sultied to the Journal of
Construction Management and Economics.
3.1 PAPER SYNOPSIS

This chapter exposes the NPV LCCA complexity issared service life
indifference that contribute to its lack of uselet pavement preservation level. The
EUAC LCCA model is introduced, along with its cantous and terminal modes that
allow it to adhere to engineering economic prinesphnd be appropriate for
transportation use. Chip seal LCC output from QdEICA types are compared and
analyzed. The chapter concludes that EUAC is bsttiéed to PPT evaluation because
it provides a streamlined approach that accommeditahort term nature and allows
the pavement manager to better relate treatmentd@g@ut to annual maintenance
budgets.
3.2 RESEARCH METHODOLOGY

The EUAC model created for this research calculéfesycle cost for each
alternative based on the EUAC method. All incurtedts expected throughout the
service life of an alternative are brought to aebgsar, summed, and then annualized

according to théreatment’s service lifas determined by field data and pavement

2 The original journal paper has been reformattesiaée it consistent with other published
chapters in this document.
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manager professional judgment. In other wordsAfAdor each treatment alternative is
equal to its owranticipated service life
[ASLy: = analysis periogl]

In NPV models, the annualization is based on @mernon AP. This model is
unique because it seemingly bypasses the commaseletion process. It determines
the EUAC based on each alternative’s respeetnteipated service lifby using the
following EUAC calculation:

EUAC (%) = D.P] * [i(A+)" = (1+)" - 1)] Eq. 3.1

Where:

i = discount rate

P = present value

n = pavement treatmeanticipated service life

The EUAC model is tailored to pavement-managerdeanision-making. It
considers the short-term, limited scenarmanfinuous and terminathat the pavement
manager encounters. The pavement manager iscaipiiitively analyze the LCCA
results because they are displayed within the gbofethe pavement manager’s
expertise. Treatment-relevant input values, sgcbeavice life, are utilized. In
contrast, other (NPV) models obscure these pavemantger relevant values in a
possibly arbitrary AP selection requiring extensavgineering economic understanding
garnered froneconomisexperience to extricate (FHWA, 1999). Thus, EUAC
neutralizes the associated sensitivity and compyléssues. Because maintenance
funding is authorized on an annual basis, compaitagnatives on a EUAC basis

better fits the funding model than using NPV, whiabuld assume availability of funds
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across the treatment’s entire service life. Spereement managers typically consider
several alternatives with varying services livesdabon available funding rather than
technical superiority, the FHWA LCCA method based\!PV creates more problems
than it solves. Furthermore, the EUAC method sifieglthe LCCA process and results
in the same ranking of alternatives as the NPV oethll else held constant (White et
al. 2010), rendering the problematic AP irrelevant.
3.2.1 Continuous and Terminal Scenarios for Deteistic EUAC Model

A road segment (asset) is generally intended t@mem service indefinitely
and pavement treatments are expected to be amaligthuously over the life of the
asset, although the service life of a treatmehnite (Lee, 2002). The pavement
manager will encounter one of two scenarios irsti@t-term-implementation level of
decision making: the year of thext expectetehabilitation or reconstruction will
either be knowntérminal scenaripor it will not (continuous scenarjqLee, 2002).
When using EUAC, the “mistake” occurs when the piag horizon, oterminal
scenariq is not considered or acknowledged for the investniWhite et al. 2010). In
other words, if thencroachmentf the next expected rehabilitation or reconstouct
on the service lives of treatment alternativesseeted to have a material effect with
regard to the treatment of residual value for anemore of the treatment alternatives,
this encroachment must be addressed in the catmsafWhite et al. 2010). The intent
of using EUAC as the basis of the model was toesklboth scenarios with its “covert”
flexibility, which is recommended in economic arsa$y(White et al. 2010), while
maintaining its efficient, “overt” inflexibility wih regard to disallowing common AP

selection. The continuous feature in the modedllldie/s the “unnecessary truncating of
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[service] lives” (Lee, 2002) while the “automatrancate” terminal feature is built in to
ensure adherence to engineering economic princigiasfixed flexibilityreduces the
negative impact associated with standard new paneh@CA complexities and the
possibility of faulty output.

EUAC Model, Continuous Mode

EUAC accommodates the continuous, short-term eatPPT application
because the next expected rehabilitation/recortstruof the pavement is commonly
unknown, i.e. is not on the current work plan. Plagement manager must plan to
continuously maintain, preserve or “do nothingtlte pavement in the undefined
interim. Because encroachment is not expectdaerontinuous mode, material or
mathematical adjustments to costs or servicedifgths are not required and the
pavement manager avoids the “unnecessary trunaaitinges” (Lee, 2002). Therefore,
each treatment’s service life input value will lopiizalent to itsanticipated service life
(n), which is the value used in EUAC calculations irstimodel to determine life cycle
cost.

EUAC Model, Terminal Mode

In the terminal scenario, the pavement managerrgiynehooses the “do
nothing” option. In other words, the pavement nggnaisually defers maintenance
because the pavement is scheduled to be rehaliteitreconstructed according to the
work plan. Therefore, the decision essentialip ignore pavement preservation on a
given pavement knowing that it will be “fixed” ihe near future. This permits the

reprogramming of those funds to preserving otheepeents in the network.
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To avoid the common “mistake” associated with eayiplg the EUAC method,
the pavement manager must consider the encroaclupent(i.e. materially alter)
treatment service lives to adhere to LCCA pringgMhite et al. 2010). For example,
if the next rehabilitation is scheduled in two yeand the pavement manager cannot
defer maintenance due to safety concerns, anyregdtservice life that is expected to
extend past two years must be truncated for thegser of analysis, consistent with the
“organization’s need for the investment” (Whitea€t2010). If one of the alternatives
is expected to have a four-year service life, iymat be able to realize the last two
years of service life because its cash flow profiteild have to be materially altered to
accommodate the rehabilitation in two years. heotwords, the residual value would
equal zero at time two for the four-year altermatdecause it can no longer be
considered continuous. It ceases having valueefoaining service life) as a pavement
treatment because it will be removed when the reaehabilitated (Lee, 2002; FHWA,
2002. In aterminal scenario, it has been argueddipgtvement treatment’s material
salvaged from removal can have salvage value Heut the analyst must quantify the
cost of removal and value what has been salvagee, @002).

The model has been built to accommodate the tetrsaemario and engineering
economic principles. Each treatment’s serviceihifaut value that extends past the year
of the next expected rehabilitation/reconstructgoautomatically truncated to coincide
with the year of the next rehabilitation/reconstiae. This truncated value becomes
the treatment’anticipated service lifén), which is the value used in EUAC

calculations in this model to determine life cyctest.

75



Pavement preservation theory asserts that progcapplying treatment
extends the life of the pavement, allowing for dederment of the expected
rehabilitation/reconstruction (Peshkin et al. 2004) this case, a sensitivity analysis is
useful to determine the relative impact of the pgmbty of pavement life extension and
encroachment of the rehabilitation activity on tated treatment service life.

If, on the other hand, the pavement manager cersemploying a one-year
treatment in this example, a one-year gap wouldtdsatween the treatment’s service
life and the year of the expected rehabilitatiocdrestruction. The EUAC model is
built to ignore the gap in terminal mode and cateIEUAC for all alternatives. This
situation, although rare due to the “do nothinggfprence and very short-term nature of
the terminal scenario, may not explicitly adheré® specific “common period of
time” engineering economic principle, but doeswatrant it because the gap will most
likely be filled with another “do nothing” optionAll analysis-period selection
methods, when applied to this scenario, have imtéssues as previously stated, so one
must decide which method would yield the best imfation for the pavement manager.
The shortest-life method would adhere to the “comiperiod of time” engineering
economic principle while EUAC would overtly not.oiever, if the pavement manager
were to choose the shortest-life alternative tdls=tAP and the other longer-life
alternatives were adjusted to fit in accordancé WHWA straight-line-depreciation-
like method, the LCCA should still yield the samrefprred alternative as the EUAC
method. Because the same preferred alternatiielged from both methods, for the
purposes of a consistent model, and with all ofpitexiously-cited issues with the AP,

EUAC was selected as the appropriate terminal swemeethod. Even in this rare
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situation, EUAC behaves essentially like a covkarslife method and can provide the

pavement manager with relevant decision-makingrmétion based on cost, service

life and the real possibility of “do nothing” dugrthis state.

3.2.2 Conducting EUAC LCCA on Selected Treatments

Treatment cost-effectiveness evaluation basedgmeering economic

principles was conducted on PPTs. The FHWA suggdbstfollowing LCCA

procedures when evaluating design alternatives

(FHWA 2002 and 1998a):

Step 1: Establish design alternatives [and AP]

Step 2: Determine [performance period and] actiiityng
Step 3: Estimate costs [agency and user]

Step 4: Compute [net present value] life cycle €ost
Step 5: Analyze results

Step 6: Reevaluate design strategies

This study has demonstrated that FHWA LCCA proecesid, 2 and 4 in the

above list do not adequately address PPT evaluatidmeed to be adapted so that

LCCA can be used as a frontline tool by the paveémemager to determine pavement

treatment cost effectiveness. To recap, EUAC LQ@#cedures include:

Step 1: Establish [treatment] alternatives, wleteatment ainticipated
service lifeequals its AP: [ASk: = analysis periogl]
Step 2: Determine [performance period and] actitiityng, where the service

life of an alternative equals the minimum valuemeérotexture and
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macrotexture deterioriah model outputs and engineering judgment:
[SLalt = MIN{Mi, Ma, Ex}]
» Step 4: Compute [EUAC] life cycle costs, where pash treatment’s
anticipated service lif§EUAC(i%)alt = D P] [i(1+)" + (1+i)"-1)]]
and theanticipated service lifes further adjusted as necessary by the term@alfe of
the EUAC model.

3.3 RESULTS

If chip seal service life was expected to be Syethen the anticipated service

life will be the same value, as shown in Figure 3.1

Anticipated
PAVEMENTTYPE ~ TREATMENT SERVICE LIFE ~ Service Life
{ Bituminous A Chip seal 5 i
2 Concrete
1.18 DISCOUNT RATE z 4%

Years until next Rehabilitation/Reconstruction

Figure 3.1 EUAC Model Service Life/Discount Rate Iput Screen, Continuous
Mode.

The EUAC algorithm uses the anticipated servigeMalue to calculate the life
cycle cost for chip seal, as shown in Figure 318, @turns an EUAC of $3,482 based

on an initial cost of $12,792 and a discountedriituaintenance cost of $3,049

(discount rate: 4%).
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Chip Seal
Anticipated Service Life (5 years)

i(1L+1i)"

EUACChiPSea1=ZP X (1 + i)n‘f 1

Chip Seal

Year 5

Alternative 2

!
Alt. 2 Service
Life (years)

Time O

Figure 3.2 EUAC Chip Seal Calculation and Service ife Diagram in EUAC.

If the next rehabilitation or reconstruction wapected in four years, the
pavement manager would insert that value into tHAE model input screen, as shown
in Figure 3.3, which automatically truncates thgpdeal’s anticipated service life
value, since it will only realize four years of gament preservation value. Given the
initial and future costs used in the continuous eydlde terminal mode yields an EUAC

value of $4,271.

PAVEMENT TREATMENT ALTERNATES COMPARED IN LIFE CYCLE COST ANALYSIS

Anficipated
PAVEMENT TYPE TREATMENT SERVICE LIFE  Service Life
1 Bituminous A Chip seal 9 4

2 Concrete

1.18 DISCOUNT RATE 4%

Years until next Rehabilitation/Reconstruction 4

Figure 3.3 EUAC Model Service Life/Discount Rate Iput Screen, Terminal
Mode.
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The NPV model does not allow for direct treatmemd consideration of the
service life value like the EUAC model does. Eamimotheory asserts that alternatives
with unequal service life lengths must be evaluatesl a common period of time
(analysis period) for the NPV evaluation to be {#ithite et al. 2010). The pavement
manager must use the arbitrary parameter of asglgsiod (AP), which is not
intuitively linked with the service life parametaignificantly contributing to the
complexity, training requirements and common ereasociated with NPV (FHWA,
2001).

To demonstrate some of the NPV complexity isstiesfollowing example
exhibits common mistakes made when comparing atewes. If three alternatives
were being considered for a pavement preservatigeg and were not expected to
have equal service lives, the pavement managerdd@ye to reconcile that issue
through selection of a common AP. The chip sealttnent will be examined within the
following analysis scenario:

* Hot Mix Asphalt Mill & Inlay (10-year service life)
* Open Graded Friction Course (10-year service ldajl

» Chip Seal (5-year service life) (Figure 3.4).
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Z. Analysis Options

Include User Costs in Analysis
Include User Cost Remaining Life Value
Use Differential User Costs
User Cost Computation Method
Include Agency Cost Remaining Life Value
Traffic Direction
Analysis Period (Years)
Beginning of Analysis Period
Discount Rate (%)
MNumber of Alternatives

Alternative 3

Number of Activities

Activity 1
Agency Construction Cost ($1000)
User Work Zone Costs ($1000)
Work Zone Duration (days)
No of Lanes Open in Each Direction During Work Zone
Activity Service Life (years)
Activity Structural Life (years)
Maintenance Frequency (years)
Agency Maintenance Cost (51000)
Work Zone Lenath (miles)

Chip Seal

1

5/8 Chip Seal

$12,792.00

o
ojw|o

3

3049

1.00

Figure 3.4 FHWA Real Cost LCCA Model Input Screen.

Figure 3.4 shows the same service life input \&afoe NPV as in Figure 3.2 for

EUAC. However, the pavement manager must takaddéional step of determining

AP when using the NPV model. The options includectimg an analysis period of 5

years, consistent with the shortest life, 10 yearssistent with the longest life, 50 years

as the common multiple of all lives or some otheniqd (White et al. 2010). Based on

a 10-year AP (Figure 3.4) and 5-year chip sealiselife input, the NPV results for

this example are found in Figure 3.5.
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Total Cost

Alternative 1: 1" HMA Alternative 2: OGFC Alternative 3: Chip Seal
Agency Cost User Cost Agency Cost User Cost Agency Cost User Cost
Total Cost ($1000) ($1000) ($1000) ($1000) ($1000) (51000}
Undiscounted Sum) $35,671.50 $0.00 §35,186.00 $0.00 §15,841.00 $0.00
Present Value $33,786.91 $0.00 $33,301.41 $0.00 $15,502.55 $0.00
EUAC 54,165.62 $0.00 $4,105.76 $0.00 $1,911.32 50.00

Lowest Present Value Agency Cost

Alternative 3: Chip Seal

Lowest Present Value User Cost

Alternative 1: 1" HMA

Expenditure Stream
Alternative 1: 1" HMA Alternative 2: OGFC Alternative 3: Chip Seal
Agency Cost User Cost Agency Cost User Cost Agency Cost User Cost

Year (51000) ($1000) ($1000) (S1000) ($1000) ($1000)
2012 $26,524.50 §26,039.00 §12,792.00
2013
2014
2015 $3.045.00 $3,045.00 $3.045.00
2016
2017
2018 $3,049.00 $3,049.00
2019
2020
2021 $3,049.00 $3,049.00
2022

Figure 3.5 FHWA Real Cost LCCA Output Screen.

The NPV model returns an erroneous EUAC of $1,@t 1He 5-year chip seal,

although the expenditure stream shown in Figureapgears correct ($12,792 for initial

cost and one future maintenance cost of $3,048at3). If the pavement manager

changed the service life input value to 4 yearstant with the next expected

rehabilitation, the EUAC remains unchanged as shiowrable 3.1. In fact, any service

life input value between 3.6 years to 5.99 yearsld/iteave the EUAC value of $1,911

unchanged in the NPV model.

Table 3.1 FHWA Real Cost versus EUAC Model Input/Otput for Chip Seal.

NPV/EUAC LCCA Values
Input (AP) Input Real Cost EUAC Model
(Real Cost only)| (SL) | Output (EUAC) (EUAC)
$12,792 year 1 cost 10 4 1,911 4,271
$12,792 year 1 cost 10 5 1,911 3,482
$25,584 year 1 cost 10 5 3,488* 6,356
*Slight difference due to rounding
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The correct EUACs at 4 and 5 year service-life in@lues would be $4,271
and $3,482, respectively, which are consistent thiehEUAC model output, but much
greater than the erroneous NPV model output. TihesNPV model appears to be
indifferent to service life contrary to the facatht is a primary LCC driver (Irfan et al.
20009).

Upon investigation of the NPV model, one wouldifihat the only purpose of
the service life input parameter is to appropriatare maintenance costs. In the
example, the frequency was equal to 3 years, whialhy the sensitive service life
parameter is not sensitive for any value withinrtt@ntenance periods in the NPV
model.

Table 3.1 shows that tliealCosimodel returns the correct EUAC of $3,488
(slight difference due to rounding) only when thiial cost is doubled. However, the
expenditure stream appears inaccurate becaugkedtsehe cost of 2 chip seals at Time
1 and only 1 future maintenance cost (Figure 3vB)ch would have an actual EUAC

of $6,356 (Table 3.1).
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Total Cost

Alternative 1: 1" HMA

Alternative 2: OGFC

Ahlternative 3: Chip Seal

Agency Cost User Cost Agency Cost User Cost Agency Cost User Cost
Total Cost ($1000) ($1000) (S$1000) (51000) (S1000) ($1000)
Undiscounted Sum §35,671.50 £0.00 8§35 186.00 $0.00 $28,633.00 $0.00
Present Value $33,786.91 $0.00 $33,301.41 $0.00 §28,294.55 $0.00
EUAC $4,165.62 $0.00 $4,105.76 $0.00 $3,488.46 $0.00

Lowest Present Value Agency Cost

Alternative 3: Chip Seal

Lowest Present Value User Cost

Alternative 1: 1"

HMA

Ex|

penditure Stream

Alternative 1: 1" HMA

Alternative 2: OGFC

Alternative 3: Chip Seal

Agency Cost User Cost Agency Cost User Cost Agency Cost User Cost
Year (51000) ($1000) (51000) (51000) ($1000) (51000)
2012 $26,524.50 $26,039.00 $25,584.00
2013
2014
2015 $3,049.00 $3,049.00 $3.049.00
2016
2017
2018 $3.049.00 $3.049.00
2019
2020
2021 $3,049.00 $3,049.00
2022

Figure 3.6 FHWA Real Cost Output, Initial Cost Dowbled to correct EUAC.

Thus, the NPV model returns an erroneous EUACasedhe actual chip seal

scenario and returns the correct EUAC based omraneous scenario. Specifically,

the pavement manager would have to entemttomginput to get a correct EUAC

output (Figure 3.6). When the NPV input/outpunigestigated, the erroneous EUAC is

found to be the result of the problematic AP. Thip seal life cycle costs were

calculated over the 10-year AP as shown in Figufe 3o correct this NPV issue and

indirectly gain the appropriate EUAC, the pavenreanager has to arbitrarily adjust

the initial cost (Figure 3.6).
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Chip Seal
Analysis Period (10 years)

i(1 + i)”‘ﬂ.

EUAC....->P X (1+ i) 1

Chip Seal

|
1

Year 10

HMA and OGFC
|

Year 10

Time 0

Figure 3.7 NPV Model EUAC Chip Seal Calculation andAnalysis Period
Diagram.

Both EUAC and NPV models should return the samé&emed alternative when
operated correctly (White et al. 2010). To validhie EUAC model, the NPV model
AP input value was changed to 5 years, consistéhttie service life value.

Figure 3.8 shows the correct cash flow and EUA@ftbe NPV model, consistent with
the EUAC model. For more extensive discussiomefRPT EUAC model validation,

see Chapters 4 and 11.
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Total Cost

Alternative 1: 1" HMA Alternative 2: OGFC Alternative 3: Chip Seal
Agency Cost User Cost Agency Cost User Cost Agency Cost User Cost
Total Cost ($1000) ($1000) ($1000) ($1000) ($1000) ($1000)
Undiscounted Sum $29,573.50 $0.00 $29,088.00 $0.00 §15,841.00 $0.00
Present Value $29,235.05 $0.00 $28,749.55 $0.00 $15,502.55 $0.00
EUAC $6,566.98 $0.00 $6,457.93 $0.00 $3,482.29 $0.00

Lowest Present Value Agency Cost |Alternative 3: Chip Seal
Lowest Present Value User Cost Alternative 1: 1" HMA

Expenditure Stream

Alternative 1: 1" HMA Alternative 2: OGFC Alternative 3: Chip Seal
Agency Cost User Cost Agency Cost User Cost Agency Cost User Cost
Year (81000) (51000) (51000) ($1000) (§1000) (51000)
2012 $26,524.50 $26,039.00 $12,792.00
2013
2014
2015 $3,049.00 $3,045.00 $3,049.00
2016
2017

Figure 3.8 EUAC Model Validation with NPV Output.

3.4 CONCLUSIONS

This research produced a previously unpublisheA®&bBased model for LCCA
that specifically addresses the nature of P&iisdevelops LCCA-based PPT desifhe
model’sfixed flexibility offered via continuous and terminal scenario alioilw adhere
to engineering economic principles and providepglieement manager project-level
evaluation within a wider spectrum of pavement nganaxpertise. EUAC LCCA
eliminates the problematic AP and indifferent segJife issues associated with NPV.
It appropriately allocates service life sensitivitythe analysis by making the service
life value fundamental to the LCC algorithm, andloing so, allows for sensitivity
analysis based upon expected treatment performaatepon an arbitrary analysis
parameter. This eliminates the need for exterstamomist-level training. EUAC is
better suited to PPT than NPV methods because Eldp@ values reflect the short

term nature of the actual pavement treatment siemaaking the model more intuitive.
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More importantly, the input directly correlates lvdutput to allow the pavement

manager to better relate treatment LCC to annuaitersance budgets.
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4.0LIFE CYCLE COST-BASED PAVEMENT PRESERVATION

TREATMENT DESIGN *®

Pittenger, D.M., D.D. Gransberg, M. Zaman, and @n#er, “Life Cycle Cost-Based
Pavement Preservation Treatment Desig211 Transportation Research Record,
Journal of the Transportation Research Board, Natidcademies, Washington, D.C.
Issue 2235, 2011, pp 28-35.
4.1 PAPER SYNOPSIS

This paper served to disseminate the determirf’i€ EUAC LCCA model
discussed in the previous chapter to the pavenresepvation community. It addresses
the gaps in the pavement economics body of knoweléyglemonstrating the EUAC
model and proposing a methodology for using fiekt tata to quantify the service
lives of PPTs for use in EUAC LCCA.
4.2 RESEARCH METHODOLOGY

As pavement preservation emerges as a possihigasoto the aging
infrastructure problem, research has shown thgploaycost efficiency and treatment
effectiveness, termegtonomic efficienc{Bilal et al. 2009) may be the key to
determining the optimal preservation timing (Pesldtial. 2004). Microtexture and
macrotexture data is routinely collected by thea®kima Department of Transportation
(ODOT). Incorporating this type tdcalizedperformance data into LCCA may reduce
the level of inherent uncertainty associated wstryice life] “guesses” and can yield

insight to a treatment’s effectiveness and costetiffeness (Reigle and Zaniewski,

® The original journal paper has been reformattesiaée it consistent with the other published
chapters in this document.
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2002). If treatment effectiveness (performancejosconsidered when determining
cost effectiveness, the results may be biasedI(@&ilal. 2009).
4.2.1 Deterioration Models

A commonly used approach to determine a treatmenxipected service life
(effectiveness) is to extrapolate data based daseicondition (Bilal et al. 2009), such
as microtexture and macrotexture data. This i@ppFoach used in this research and
applied to PPTs exhibited in field trials and dssed in Chapter 2. Linear regression
was applied to the treatments’ microtexture androtagture data to approximate the
deterioration rate and extrapolate the remainimgae life of each treatment. These
were then compared to failure criteria found inlitexature. Service life was
determined by identifying the time it took eachatraent to deteriorate to each failure
criterion. The failure criterion for macrotextur@sv0.9mm, which is consistent with
TNZ P12 performance specification. The failurenp@onsidered for microtexture was
a skid number less than 25.

Demonstrating this methodology, Figure 4.1 shovesdisterioration of
microtexture over time experienced in current rededeld trial data for chip seal.
Linear regression was applied. The equation shovthe upper right-hand corner of the
figure was derived and the coefficient of deterrtiova(R?) was calculated to be
0.9191. The regression equation was then useddolate the deterioration rate beyond
the available data. These values were added tactii@l data points to extrapolate the
curve out to 50 months (i.e. 4+ years) as showksigare 4.2. Based upon this
procedure and a failure criterion of 25, it appehed the chip seal will fail due to a loss

of skid resistance around the 46-month (3.8-yearkm
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Figure 4.1 Chip Seal Microtexture Field Trial Peformance Data.
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Figure 4.2 Chip Seal Microtexture Deterioration Malel.

Using the same methodology outlined for microtextiata regression, chip seal
macrotexture data was extrapolated (Figures 4.3af)d The chip seal is expected to

fall below the failure criteria for macrotextureoand 21 months (1.8 years).
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Figure 4.3 Chip Seal Macrotexture Field Trial Perbrmance Data.
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Figure 4.4 Chip Seal Macrotexture Deterioration Malel.

The resulting approximate service life input valtmseach alternative were
compared to the ODOT survey and literature reviesults (Stroup-Gardiner and
Shatnawi, 2008; FHWA, 2005; Bausano et al. 2004)e average cost for treatments

and maintenance came from the ODOT survey and esdfsed by field trial and
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vendor data, literature review results (Stroup-@Gendand Shatnawi, 2008; FHWA,

2005; Bausano et al. 2004), and bid tabulatiortses€ values are displayed in

Table 4.1.
Table 4.1 Treatment Service Life and Average Cost.
PPT LCCA Input
. . Average
Service Life (years) Cost
PPT on Asphalt ODOT &
Pavement Microtexture | Macrotexture Lit. Review | Min. $/SY
5/8” Chip Seal 3.8 1.8 5 1.8 1.77
OGFC >10 5.3 10 5.3 3.75
1" HMA Mill & Inlay >10 N/A 10 10 4.00

The service life input value for each treatmentBIAC LCCA would be the
minimum service life value represented in Tableahd is expressed:

SLait = MIN<MI, Ma, Ex>
Where the service life input for a treatment aléive (Sly) equals the
MIN (minimum value) of the:

Mi (microtexture deterioration model output),

Ma (macrotexture deterioration model output), drel t

Ex (pavement manager’s expectation of treatmentcselife).

This chapter uses and references the EUAC modelibed in the previous
chapter to conduct LCCA and should be referencedgecific model mechanics.
FHWA LCCA procedures 3, 5 and 6 are incorporateéo ine EUAC evaluation. Initial
construction costs and associated future mainteneosts were estimated for the
alternatives being analyzed. Activity timing indks maintenance, which is a crack
seal and 2%-of-total-area patching with a three-freguency for all asphalt

treatments. The selected alternatives and thesmonding minimum service life
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values from Table 4.1 were entered into the maelyell as other items required for
LCCA.

User costs have been shown to potentially con&ilutotable difference
between the life cycle costs of preservation treanalternatives (Bilal et al. 2009; Hall
et al. 2009), so they were included in this analydihe initial construction installation
time is represented by days, to two significanttdjdo capture the differences between
alternatives for user cost calculations. Productaies came from the ODOT survey
and vendor data. The discount rate selected éodé&monstration of the model is 4%,
in accordance with FHWA recommendation (FHWA, 1998a this calculation, the
continuous state is assumed, so each treatmentiseséfe is equal to itanticipated
service life Project length will be one lane-mile.

4.3 RESULTS

The pavement treatment alternative with the loi&#$AC should be considered
for selection. EUAC results for the treatmentsev@anually verified and are listed in
Table 4.2.

Table 4.2 EUAC LCCA Results, Continuous Mode.
LCCA Results

PPT on asphalt

Microtexture SL

Macrotexture SL

Expected SL

pavement EUAC, $/lane-mile| EUAC, $/lane-mils  EUAC, $/laneleni
5/8” Chip Seal 4,696 7,529 3,651
OGFC 4,460 6,434 4,460
1" HMA Mill & Inlay 4,696 4,696 4,696

The FHWA suggests that a sensitivity analysis lstugted in LCCA (Step 5)

(FHWA, 1998a). The sensitivity of the service lifgput value for treatments is

exhibited in Table 4.2. Based on this data, teice life parameter is sensitive, as one
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should expect, because an alternative’s servieahfl cost are directly correlated in
LCCA. By changing the service life input valueabiip seal from 1.8 years (Mi) to 3.8
years (Ma) and then to 5 years (EX), its rank ckarigpm 3 to tied with HMA to 1,
respectively.

Essentially, EUAC allows for the sensitivity to ®ved from the AP
parameter, which may be arbitrary and uncontradlatal the service life parameter,
which allows the pavement manager to intuitiveljuatiand account for service life
selection and sensitivity based on professionainueht. In this case, the pavement
manager can consider whether or not the chip seadpected to remain in service for at
least 3.8 years to justify the chip seal decisibising NPV, the pavement manager
would only be able to adjust an arbitrary “commemniqd of time” to assess sensitivity,
and the service life sensitivity would be obscuréatensive economist training would
be required to determine service life sensitivitg @reates an LCCA-implementation
obstacle.

This shows that using field data derived deterioraturves and performance-
based failure criteria in an EUAC setting providesiore accurate result than the
empirical values for service life in an NPV settinguse for the current FHWA-
approved LCCA process. The sensitivity analys, ttoupled with deterioration
models, can yield information that would satisfy Wt if” scenarios pertinent to
pavement managers and gives the pavement managemhinced ability to truly
identify, then justify, the most cost-effective pavent treatment for a given project,

enhancing stewardship.
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The pavement manager would need to put the LCCélteemito context, then
reevaluate the results in accordance with FHWA “@&GBoactices” (Step 6)(FHWA,
1998a). LCCA results should be coupled with ottemrision-support factors such as
“risk, available budgets, and political and envir@ntal concerns” (FHWA, 2002).
The output from an LCCA should not be consideredatiswer but merely an
indication of the cost effectiveness of alternaijeHWA, 1998a).

If the next expected rehabilitation/reconstructicass expected in six years and
was entered into the model, the model would autmalit switchto terminal mode.
The HMA and OGFC service lives would be automalydalincated from 10 years to 6
years. Thus, thenticipated service liféor both would be 6 years. With a 5-year
service life, the chip seal EUAC would remain $3,6% shown in Table 2. With 6-
year anticipated service lives, the HMA and the @G¥ould have EUAC values of
$6,124 and $5,759 respectively. In this case, sbg) would be the preferred
alternative. It would also be the intuitive cholmecause it, with a short “do nothing”
period, would efficiently fill the gap. A quick ssitivity analysis, conducted in
accordance with FHWA LCCA procedure 5, reveals évan if HMA or OGFC were
expected to extend the life of the underlying pagenby its full, 10-year service life,
chip seal would still have the lowest EUAC, as shawTable 2. If, on the other hand,
the pavement-life extension parameter was sensttieepavement manager may
ascertain the effect by intuitively adjusting treay when the next rehabilitation is
expected, which will automatically adjust a treattganticipated service lifealue
until the preferred alternative changes, withinglkpected limits of service life for

alternatives. As in the continuous scenario, égneement manager is able to intuitively
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analyze model results in terminal mode because iapadi output are both in the realm
of the pavement manager’s expertise.

Comparable NPV Calculations, Continuous Mode

To verify the model, EUAC and NPV were calculatedlemonstrate that all
should yield the same preferred alternative whegs gand residual values are addressed
as discussed and cited as appropriate in the pewgections (White et al. 2010). The
standard AP was set to twenty years, consistehtanitFHWA case study on project-
level planning (FHWA, 2005). User costs were oadittor simplification. All methods
returned the same ranking, as illustrated in Tédt8ein support of validating the EUAC
model as an appropriate pavement preservation L@€od. This illustrates the
point that using different APs corresponding witk tiffering service lives of
alternatives in a LCCA does not remove the “faigie®r does it result in differing
benefits; it does, however, bypass the commonllproatic AP selection, associated

adjust-to-fit requirements and well-cited sensiyivssues for that parameter.
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Table 4.3 Comparable EUAC (Continuous Mode) and NP\Rankings.
LCCA Results

Pavement Treatments Service Life  Analysis Period enky Costs| Rank
EUAC
5/8” Chip Seal 5 5 3,408 1
OGFC 10 10 4,150 2
1" HMA Mill & Inlay 10 10 4,367 3
NPV — Shortest Life
5/8” Chip Seal 5 5 15,172 1
OGFC 10 5 20,463 2
1" HMA Mill & Inlay 10 5 21,343 3
NPV — Longest Life
5/8” Chip Seal 5 10 30,344 1
OGFC 10 10 33,663 2
1" HMA Mill & Inlay 10 10 35,423 3
NPV — Standard Period
5/8” Chip Seal 5 20 60,688 1
OGFC 10 20 67,326 2
1" HMA Mill & Inlay 10 20 70,846 3

Comparable NPV Calculations, Terminal Mode

The model should rarely be operated in terminal endue to a pavement
manager’s propensity to “do nothing” when the mekiabilitation/reconstruction is
known. However, if “do nothing” is not an opticdhe model can be used to determine
the preferred alternative in this short-term periéddthough it can yield the same
preferred alternative as NPV regardless of AP sedkeas exhibited in
Table 4.4, it can be sensitive to the AP selediiepending on the input data. In an
AP-sensitive situation, the EUAC will function likéPV when setting the AP

consistent with the shortest-life alternative.
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Table 4.4 EUAC (Terminal Mode-Year 6) and NPV Resus.

LCCA Results

Pavement Treatments Service Life  Analysis Period ey Costs| Rank
EUAC
5/8” Chip Seal 5 5 3,408 1
OGFC 10 6 5,553 2
1" HMA Mill & Inlay 10 6 5,889 3
NPV — Shortest Life
5/8” Chip Seal 5 5 15,172 1
OGFC 10 5 29,111 2
1" HMA Mill & Inlay 10 5 30,871 3
NPV — Rehab year, fill gap
5/8” Chip Seal 5 6 27,633 1
OGFC 10 6 29,111 2
1" HMA Mill & Inlay 10 6 30,871 3

4.4 CONCLUSIONS

Economic and engineering technical data gathemd fravement preservation

field trials can be quantified and correlated toduce meaningful, standardized

economic and LCCA information that furnishes pavetmanagers measurable failure

criteria to estimate extended service lives of paetats. This research produced a

previously unpublished EUAC-based model for LCCAttbpecifically addresses the

nature of PPTand develops LCCA-based PPT desighe research also developed a

methodology for developing PPT-specific deteriamatmodels and demonstrated how

these provide a superior result to those basednpirieal service lives. Finally, the

research demonstrated how the new model couldilmedtto assist a pavement

manager in selecting the most economically efficRIAT for a given pavement

management problem.
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5.0EVALUATE AIRPORT PAVEMENT MAINTENANCE/
PRESERVATION TREATMENT SUSTAINABILITY USING
LIFE-CYCLE COST, RAW MATERIAL CONSUMPTION AND

“GREENROADS” STANDARDS *

Pittenger, D.M., “Evaluate Airport Pavement Mairdane/Preservation Treatment
Sustainability Using Life-Cycle Cost, Raw Materi@onsumption andsreenroads
Standards, Transportation Research Recordipurnal of the Transportation Research
Board, National Academies, Washington, DisBue 2206, 2011, pp 61-68
5.1 PAPER SYNOPSIS

Sustainability is increasingly becoming a prioffity airport projects, as well as
the foundation for future prosperity, in the glohalation community. Pavement
structures are an airport’s greatest asset andegtdebility. Pavement management
systems, involve an intensive, expensive enteramgskepavement maintenance projects
consume massive amounts of nonrenewable resouregsrg airport in the nation.
Little research has been conducted to assist aippeement managers reduce the
environmental, economic and social impacts of thairement maintenance and
preservation processes. The old cliché of “whabitsmeasured is not managed”
applies and so a performance metric is requirgubtoit pavement managers to
measure sustainability. There is no standard, tgatinve performance metric for
sustainability in use by pavement managers to agmegement treatment alternatives.

This chapter demonstrates how airport pavement gaeaan quantitatively analyze

* The original journal paper has been reformattesiaée it consistent with the other published
chapters in this document.
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typical pavement treatments using life-cycle costlgsis, quantification of raw
material consumption and the recently developegenroadsstandards to measure the
environmental, economic and social impact of thosatments for a given pavement
treatment project to enhance the overall sustdihabf their programs.

5.2 INTRODUCTION

Sustainability has been identified as being acealiissue in aviation as
“stakeholders struggle to respond to uncertain fuieles and availability, a global
economic and financial crisis, and increased styuif environmental impacts of
aviation” (Eagan et al. 2009). Sustainability i$ amew concept. Airports have been
implementing a number of sustainable practicesistargly over the last few decades
(ACI-NA, 2010; SAGA, 2010; Eagan et al. 2009; Beetyal. 2008; ATAG, 2008
However, the sustainability movement is gaining reatam due to the current level of
public scrutiny and airport policy and regulatidxQ(-NA, 2010; SAGA, 2010; Eagan
et al. 2009; Berry et al. 2008; ATAG, 2008Stakeholder concerns and the global push
for sustainability have added a sense of urgentlygdanovement (ACI-NA, 2010;
SAGA, 2010; Eagan et al. 2009; Berry et al. 2008A&, 2008.

Lack of funding was cited by all airports surveyedhe Airport Cooperative
Research Program’s (ACRBYynthesis 10: Airport Sustainability Practiq@erry et al.
2008) as the primary barrier to airport sustainghgractices. The synthesis concluded
that it is necessary to determine other reasonthébarrier so that the business case
could be defined for sustainable practices. Mafgrrto theriple bottom lineof
sustainability, which consists of interrelated eammental, economic and social

components. The ACRP synthesis concluded tha¢ tt@®ponents require additional
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research to relate them to aviation. The syntHesisd that sustainability is considered
by airports, but that the environment and econorayraconflict with one another
(Berry et al. 2008). However, there is growinggdrthat each can support the other
(Yoshitani, 2010). The economic incentive and cetitipe advantage to approaching
airport operations in a sustainable, triple-bottiome-manner is not lost on airport
operators like Greater Toronto Airports Authorifyat believes “environmental
initiatives should be seen as business investmé@{EAA, 2007). The Air Transport
Action Group partially attributes improvements inaion environmental performance
to greater operational efficiency, an importantausbility factor (ACI-NA, 2010),
that ultimately boosts profitability (ACI-NA, 201&TAG, 2008). Thus, lack of
funding need not be a barrier to the implementatiosustainable practices, but rather,
a catalyst to find more efficient solutions.
5.3 BACKGROUND AND MOTIVATION

Proactive pavement maintenance demonstrates isaisiiey through the
interrelation of the triple bottom line componeatsl is a solution (SAGA, 2010;
Muench et al. 2010) that is being promoted by thateon community (FAA, 2009).
Pavement preservation is essenti@igping good pavements gdodapplying the
right treatment to the right pavement at the right tif@alehouse et al. 2003).
Pavement preservationirgherently greerdue to its focus on conserving energy, raw
materials and reducing greenhouse gases (Galehadsghehovits, 2010). Getting the
most benefit for the least cost is a key attrimftpreserving airport pavements (FAA,

2009).
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Pavement preservation and maintenance terminagosfyll evolving and is not
consistent between highway and airport applicatidtiewever, the purpose of this
chapter is to examine various pavement treatmemt®aaluate their sustainability,
regardless of the purpose for which they are agpliene Federal Highway
Administration (FHWA) provides precise definitioarfvarious pavement preservation
and maintenance activities (Geiger, 2005). ThesFa@diviation Administration (FAA)
does not formally differentiate between pavemeaservation and pavement
maintenance in its Advisory Circulars (AC) (FAA,@Dand 2006). However, it does
include all of the FHWA categories under the tgravement maintenante embody
the proactive, preventive maintenance theory théte primary mechanism of
pavement preservation (FAA, 2007). Therefore vadiconfusion, this chapter will
adopt the FAA terminology and will term programmnsasisues apavement
maintenance When discussing an individual pavement treatrtezttnology used in
these programs, it will be termed agaavement treatment

Often, pavement managers select pavement treagroerd reactive basis
considering only past performance and lowest ca$iowt exploring other, more
sustainable treatment options (FAA, 2006). Thelabdity of new technology and
research, however, is creating an environment wimamgy eco-efficient pavement
treatments can flourish and fill tipavement maintenaneaolbox(FAA, 2006) The
goal of a pavement maintenance program is notewtify thebestpavement treatment.
It seeks, instead, to identify thight treatment based on the given project’s engineering
considerations, such as pavement condition, dsstyge, traffic and climate, as well as

economic and environmental considerations, sudifieasycle cost, life-cycle

102



emissions and energy use and resource availabligtermining theight treatmentor
theright pavemenat theright timeis fundamental to realizing the eco-efficiency
benefits of pavement treatment (Galehouse and Giteh2010).

The Economic Case for Sustainable Pavement Maintena

“A paved runway is an airport’s most valuable assewell as its most
expensive liability” (AirTap, 2005), and managingsi a critical task for the pavement
manager (FAA, 2007). Pavement treatment selediorcreasingly being driven by
available funding (FAA, 2009). However, as dem#&ordAirport Improvement
Program (AIP) and other funds outpaces the supphgment maintenance deferral
remains a common airport practice that contribtdess growing backlog of
maintenance needs, and further exacerbates théamante funding problem. Every
$1 spent on preserving the capacity of an airpavement today could save up to $5 in
reconstruction tomorrow (FAA, 2006; AirTap, 2003).costssignificantlymore to fix
a pavement in poor condition than it does to matae in fair condition (FAA,
2006). Thus, failing to preserve a pavement’scstmal capacity results in extensive
reconstruction costs (Peshkin et al. 2004), ancerantically, a disruption in airport
operations. Operational disruption due to consitvaerelated pavement downtime can
cost users as much as $1,000 per minute. Theaks of pavement maintenance is
realized through the reduction of operational disimces and results in an increase in
operational efficiency (FAA, 2007; Vreedenburgh922 A pavement management
program can extend the service life of an undeglyjpavement and potentially offset

much of its cost (Peshkin et al. 2004).
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The Social Case for Sustainable Pavement Maintenanc

Airfield pavement deterioration and distressessedlby weathering and aircraft
traffic create the potential for foreign object del{FOD) due to delamination, which
can cause aircraft damage and lead to in-fligtgstedphic failure (i.e. airplane crashes)
and loss of life (FAA, 2010). Climate change ipested to further exacerbate the FOD
issue by creating more extreme freeze-thaw cy€la#\( 2010). Proactive pavement
treatment can maintain serviceability and imprdwedverall condition of an airport’s
inventory of pavements (Peshkin et al. 2004). &hss reduces the potential for FOD
and improves safety (FAA, 2010). Ensuring a FO&efrunway is an important social
benefit and can be accomplished by adapting apiategravement treatments that
address the effects of climate change (FAA, 2010).

Social benefits are also derived from the econarase for preserving airport
pavements. The reduction in downtime due to lgs=ngive maintenance can be
measured in hours instead of months. This incestimeavailability of airport
pavements to users and reduces associated usedoesio delay and disruption
(Vreedenburgh, 1999). Pavement maintenance atsadeas enhanced fiscal
stewardship through the cost-effective use of scpublic funds.

The Environmental Case for Sustainable Pavemennhteiaance

Climate change is cited repeatedly as being eakidriver of airport
sustainability programs (Eagan et al. 2009; Beti3l.e2008). Pavement maintenance
creates a smaller environmental footprint than pearg rehabilitation and
reconstruction (Galehouse and Chehovits, 2010¢8yaing the impact of airport

operations on climate by mitigating greenhouse gasé reducing energy consumption
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(CH2M, 2009). A life cycle inventory (LCI) is aanlle-to-grave approach to quantify
material flow, emissions and energy consumptioprotesses and systems. Recent
research demonstrates the applicability of LClaegment maintenance (Galehouse
and Chehovits, 2010). Calculators are availabksgess individual pavement
treatment impacts from material extrusion to ilatedn. Using local, reusable,
renewable and recyclable materials has environhesganomic and social benefits
and contributes to thgreendesign/construction practices that the aviatiommanity
is pursuing (Berry et al. 2008).

The Triple-Bottom Line Imperative

Selecting the most appropriate pavement treatmentool for pavement
managers to achieve pavement sustainability (Mueheh 2010; FAA, 2007).
Sustainability does not mandate the selection®fthenesthoice. Instead, for
decision-making to be truly sustainable, the tripi¢étom line must be considered and
yield the net benefit between those elements (Eagah 2009; Berry et al. 2008,
CH2M, 2009). Terms such aso-efficiencyare entering the vernacular and illustrate
the interrelatedness of these components. Theéréaronto Airports Authority’s
goal, for example, is to increase operational Efficy (profit) while maintaining safety
and environmental practices (GTAA, 2007). The Riansport Action Group’s
“Aviation Industry Commitment to Action on Clima@hange” document calls for
implementing greenhouse gas reduction measureséwhethey are cost-effective”
(ATAG, 2008). Proactive pavement maintenancet@afor pavement managers to

achieve sustainability across the triple bottora.lin
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5.4 RESEARCH METHODOLOGY

A short questionnaire was created based on theiples laid down by
Oppenheim (1992) and distributed to airports listetthe next section. Based on the
literature review and the 100% questionnaire respoate, case studies were developed
on nine U.S. and Canadian airports using Yin's mgblogy (1994). Raw data resulting
from the case studies was reduced and the threralslity measures, LCCA, raw
material consumption (RMC) ar@éreenroadsscore (GR), were developed.

The selection of nine case-study airports wasdapen geographic, climatic
and size/traffic variance. Billings Logan Interioatl Airport (BIL) and Will Rogers
World Airport (OKC) are small and medium airpomsspectively. The large airports
include Boston-Logan International Airport (BOSgll@s-Fort Worth International
Airport (DFW), Orlando International Airport (MCOgalt Lake City International
Airport (SLC), San Francisco International Airp8-0O), Seattle-Tacoma International
Airport (SEA) and Toronto Lester B. Pearson Intéamal Airport (YYZ).

Based on the literature review, a list of paventiezaitments was developed. The
guestionnaire’s purpose was to validate the ligtadement treatments to be evaluated as
well as to identify any common treatments that weigsed. The questionnaire found
that the most commonly used treatments were slstittda fog seal, slurry seal and
microsurfacing, as well as hot mix asphalt and wanmasphalt overlays.

The case study output was compared with the fitexautput to identify
converging lines of data. The case study datatefest included treatments and their
associated input requirements that coincide wighlLilBCA, raw material/recycled

material consumption ar@reenroadsstandards.
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Information regarding the status of each airpgottsggram to monitor pavement
treatment sustainability was obtained. Table 5t% hirport pavement treatment
practices that are collectively considered fundamalgn pavement sustainability
(Muench et al. 2010). Having an airport pavemeahagement system (APMS) or
program in place is considered to be one of thesamable practices (SAGA, 2010;
Muench et al. 2010; FAA, 2006) because it prompteactive pavement maintenance.
The FAA imposes the APMS program requirement asnaition of funding to foster
improvement in airport safety, operational effidgrand effective use of funds (FAA,
2007). With or without the conditional funding cateration, the FAA suggests that all
airports make pavement maintenance an integrabp#neir operations so as to
preserve their large pavement investments (FAA7208n APMS is a project-level
tool that identifies theight pavement, right timbased on pavement inventory and
pavement condition index (PCI). Thght pavements defined as one that is
structurally sound and theght timeis defined as the optimum time of a pavementés lif
to apply treatment so that the full treatment @f&tectiveness and pavement life-
extension can be realized (Peshkin et al. 2004 APMS identifies theight
pavementn an airport’s inventory and thieght time (PCI1=70 or so for runways). It
includes cost and performance data for pavemeatintients that can be used to predict
life-cycle cost and service life to prioritize pecis and optimize the use of funds,
therefore yielding better decisions and justifioat{(FAA, 2006). Only about half of the

survey respondents reported having a Pavement Marexg System or similar plan.
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Table 5.1 Airport Survey Results.

Fundamental Pavement Treatment Sustainable Praétigeort Survey
Sustainable Practiceg BIL OKC | BOS| DFW | MCO| SLC| SFOQ SEA YYZ

IIE:1(\)/ér(;nsnsmental Review . . . . . .
LCCA L 4
Life Cycle Inventory
Quality Control Plan L 4 L 4 L 4 L 4 2 2 L 2 L 2 L 2
Waste Management Plan X 2 ¢® X 2 X 2
Pollution Prevention Plan ¢ ® ® ® V'S V'S ® ® ®
Pavement Preservation
Plan L 4 L 4 2 2 L 4
Site Maintenance Plan L 4 L 4 L 4 L 4 L 4

Although a standard tool that assists in deterngitiveright pavemenandright
timeexists, no standard performance metric has beesi@#d to assist the pavement
manager in determining thight treatment{SAGA, 2010; Eagan et al. 2009; Berry et
al. 2008). Tools that support pavement treatmelecion decisions are life-cycle cost
analysis (LCCA) and life-cycle inventory (LCI). &lvalue of coupling LCCA results
with LCI results has been demonstrated in pastrebgHaas et al. 2006) and can
furnish the pavement manager crucial insight aldutatment’s environmental and
economic impact. Yet, only one of nine airportsssyed for this study reported using
LCCA for evaluating pavement treatments and nonewenducting LCI.

The purpose of this research is to develop a pednce metric to assist airport
pavement managers determine filght treatment This chapter seeks to demonstrate
the framework’s value by illustratinfgpwa project-level, quantitative analysis of six
selected airport pavement treatments could be atedwsing LCCA, quantification of
raw material consumption and the recently develdpetnroad{GR) rating system.

It is intended to be scaleable and applicable yoamport and assist with treatment
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selection decision-making by furnishing a tool teasure relative sustainability. The
framework output contained herein should not besttard to yield a preferred
treatment type. It is recognized that not all gdssalternatives would satisfy the
technical requirements of a given pavement problelowever, all potential
alternatives do have their own unique environmefotatprint. The ability to compare
the sustainability of alternatives allows the pagatrmanager a means to include
relative environmental impact in the treatment c&a process.

For all three metrics, output should not dictagatment selection, but merely
indicate the sustainability of alternatives andutidoe coupled with a pavement
manager’s engineering judgment (Eagan et al. 2B88aYy et al. 2008). Metric results
should also be coupled with other decision-supfaatbrs such as “risk, available
budgets, and political concerns” (FHWA, 1998a)iswge sustainable decision-making.
Essentially the sustainability metric will act astification for selecting a marginally
more expensive treatment over a less expensiviegsisustainable treatment.

To be able to conduct a consolidated comparatiaéysis using three diverse
measurements, each is converted to an index. nex is a number from O to 1, with
sustainability increasing as the index gets clasér To support this approach, a
guantitative metric was developed for each of tinee components of the analysis. The
metric was created using standard utility theorg§tV/T.M. and J.L. Riggs, 1986) with
the prime measure of utility relating directly bkeetspecific component. The LCCA metric
was assigned high utility to treatments with lofe@-ltycle costs. In the same manner, the
raw material consumption (RMC) metric assigned higlity to treatments that utilize

low amounts of raw materials. Finally, the GR nea8 a ratio of credits earned by a
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treatment divided by the total available creditsug, utility is measured by the number of
credits earned.

LCCA Metric

“The core of transportation decision-making is ¢waluation of transportation
projects and programs in the context of availabieling” (Sinha and Labi, 2007).
Economic analysis has long been promoted by the 8A9) and is a vital component
of effective pavement treatment (Sinha and Lakb720 Pavement treatment selection
based solely on lowest first cost may actually ltaaua higher life-cycle cost relative to
other treatments. Economic analysis, specifidal{CA, seeks to expose this non-
sustainable approach. Because of the considaraldstments airports have in their
pavements, “the potential savings from followingost-effective approach to meeting
an agency’s performance objectives for pavemestsignificant” (Peshkin et al.
2004). Implementation of economic evaluation teeas pavement treatment projects
can allow airports to stretch the budget to addsastainability needs and enhance
stewardship. Yet, only one of the nine airportvsyed includes LCCA in pavement
treatment decision-making (Table 1).

An EUAC LCCA model was selected to conduct the Wakons because
pavement maintenance budgets are often constreoreedingle fiscal year. Thus,
comparing treatment alternatives on an annual L&<isks logical. The FAA
recommends a discount rate between 3-5% be usathlgses (FAA, 2009). This is
consistent with the OMB Circular A-94, so 4% wakesed for this study.

Incorporating PCl-extrapolated pavement deterniomnadata, or “localized” data

obtained from APMS, into LCCA may reduce the lemeinherent uncertainty
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associated with [service life] “guesses” and caidyinsight to a treatment’s
effectiveness and cost-effectiveness (Reigle amiexsski, 2002). If treatment
effectiveness (performance) is not considered vdearmining cost-effectiveness, the
results may be biased (Bilal et al. 2009). In abseof local, pavement-specific
deterioration and treatment cost data, the perfocmeriod and agency costs for each
treatment was set equal to the average typicaicgelite values and cost data resulting
from the questionnaire, then verified by literatarel FAA bid tabulations for this study
and are listed in Table 5.2. A routine maintenaradae to accommodate crack seal,
etc. was included for every treatment based omeeiiear, repetitive cycle.

Table 5.2 Airport Pavement Treatment LCCA Input/Output.

LCCA Results
Service -
Life Initial Cost EUAC
Pavement Treatment | (YR) | $/SY | $/SM | $/SY| $/SM| LCCA Metric*

Microsurfacing 7 1.90| 2.27| 0.47 | 0.56 0.37
Hot Mix Asphalt (1.5") 11 3.25| 3.89| 052 | 0.62 0.31
Warm Mix Asphalt (1.5") 11 3.25| 3.89| 052 | 0.62 0.31
Slurry Seal 3 1.00 1.20| 0.58 | 0.70 0.22
Fog Seal/Seal Coat 2 0.8) 0.96 064 | 0.77 0.14
Shotblasting 2 1.25| 150/ 0.75 | 0.90 0.00
*0 = highest LCC, 1 = lowest LCC

User costs inclusion/exclusion can have a sigmficapact on pavement
treatment LCCA output (Bilal et al. 2009; FHWA, B29. A standard LCCA model
specific to airport pavements was not discoverddarature. Itis likely that
guantifying operational disturbance to accountuger costs to be included in a LCCA
is a viable option. These user costs could vaegptty depending upon factors such as

airport size, time of day or pavement locationr &mample, pavement treatment
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scheduled during night hours or on a non-primamepgent may have little associated
operational disturbance and may not justify any gssts being included in the LCCA.
However, if the operational disturbance is sigaifitc then user costs should be
guantified and included in the analysis. A $5,000way pavement treatment project’s
liquidated damages figure was selected from liteeato be included in the calculations
under the assumption that these quantified the dasnaf a delay in runway opening to
a typical airport (City of McKinney, 2007).

The EUAC was calculated for all pavement treatmbetag analyzed. The
results are represented as an annualized, peresgaia (square meter) of treatment
surface, dollar amount in Table 5.2.

Performance, or analysis period, is generally gsisea parameter (FHWA,
1998a), a fact that was confirmed by a sensiti@itglysis on the performance period
used in this case. The microsurfacing treatmentigvbave the lowest annual cost
based on the assumption it would last at leastrsye compared to the asphalt
options. The 11-year asphalt options would haseesd been the most cost-effective if
the microsurfacing was only expected to last serger if the asphalt options were
expected to last 13 years. Restoring surfacednaising microsurfacing, slurry seal or
shotblasting was evaluated. In this case, shdibtps/ould have had the lowest life-
cycle cost if it was expected to perform for astedyears and slurry seal would have
been the preferred alternative if it was expectelave a 5-year service life when
compared to microsurfacing. The results of thégoerance period sensitivity analysis
illustrates two points: 1) that any treatment liskerein could be considered tinght

treatmentbased on project-specific inputs and 2) that ukingl performance data
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generated from an airport’'s APMS deterioration ntetie determine performance
period would eliminate guessing and yield moreghsto true life cycle cost.
Standard utility theory was applied (West and Rig@96) to calculate the LCCA
metric as follows:

LCCA Metric = 1 — (EUAG+ EUACnax) Eq. 5.1

where EUAG= annualized cost of the treatment per square (yaeders

squared) of treated surface area, and

EUACHax= the maximum EUAGQalue in the range of all treatments.
Treatments were then ranked, as shown in Table& &nsitivity analysis was also
conducted on the user costs inclusion and yieldedame rank with and without the
$5,000 value. Other sensitivity analyses shoulddrelucted on discount rate and
where applicable to ensure that all sensitivitiesleeing exposed.

Raw Material Consumption Metric

Aviation is a key player in moving people and geodt has been and will
increasingly have to be an active participant itigating the environmental impact
resulting from this service (ACI-NA, 2010). In tparsuit of sustainable infrastructure
management, airport owners will have to accommodete means and methods that
require less input from the natural environment.

Recycling has been a long and ever-evolving procesgs transportation
industry. Research is currently demonstratingstisainability value of increasing
recycling quantity and using more recycled matendligher value materials, such as
surface courses, and the durability of structunes ¢ontain recycled content (Soderlund

et al, 2008). Currently, recycled materials aneegally not allowed in surface courses
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per FAA specifications, and therefore are not pgadiin most pavement treatments.
This is demonstrated by the 100% raw material coqsion of the selected treatments
in this study. The exception is shotblasting, Wmimecovers and reuses the shot
(Gransberg, 2009).

Weight, in pounds (kilograms) of treatment per squard (meters squared) of
treated surface, was annualized according to eggesgrvice life. Standard utility
theory was applied (West and Riggs, 1986):

RMC Metric = 1-(RMG + RMCpay), Eq. 5.2

where: RMG = the pounds (kilograms) of treatment per squard ysquare

meter) of treated surface per year of treatmeniclife, and

RMCnax= the maximum RMQvalue in the range of all treatments.
Treatments were then ranked. If comparing micffasurg, slurry seal and shotblasting
for a particular pavement treatment solution, slasting would have the least raw
material consumption. If comparing microsurfaciag@sphalt treatments, the asphalt
treatments would have the most consumption, as slowable 5.3.

Table 5.3 Airport Pavement Treatment Raw Material Gonsumption.

Raw Material Consumption
) Service ) RMC
RMC Weight Life RMC Annualized | netric
Pavement Treatments % | (Ib/SY) | (kg/SM) | (YR) | (Ib/SY)| (kg/SM)| *

Shotblasting 0 0 0 2 0.00 0.00 1.00
Fog Seal/Seal Coat 100 0.80 0.43 2 0.40 0.22 0.9Y
Microsurfacing 100 24 13 7 3.43 1.86 0.77
Slurry Seal 100 24 13 3 8.00 4.34 0.46
Hot Mix Asphalt (1.5”) | 100 164 89 11 14.91 8.10 0.00
\(’\1""‘5”)“ Mix Asphalt | 100 | 164 89 11 | 1491 810/ 0.00
*0 = highest RMC, 1 = lowest RMC
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Greenroads Metric

Greenroadss a credit-based sustainability rating systemettgyed by CH2M
HILL and the University of Washington modeled aftee Leadership in Energy and
Environmental Design (LEE®) rating system (CH2M, 2009) but specifically for
roadway design, construction and maintenance ait (Muench et al. 2010). There
are currently seven categories that contain a tdthl 8Greenroadgoints: Project
Requirements (PR), Environment and Water (EW), 8s@nd Equity (AE),
Construction Activities (CA), Materials and Res@s¢MR), Pavement Technologies
(PT), and Custom Credit (CC). All categories contoluntary Credits with the
exception of Project Requirements. The goal oe@reads is to offer enough credits
applicable to various types of projects so thatallld conceivably achieve
certification, if desired. Because of this, somedds will be applicable to all roadway
projects that fall within the scope, but no projeciuld be able to achieve all credits
due to exclusivity. These categories assign geditnany of the processes and
technologies that affect the triple bottom lif@reenroadsassigns four levels of
certification based on points earned: Certifietye3j Gold and Evergreen.

The eleven Project Requirements (PR) category elenase collectively
intended to embody the fundamental ideals of suskbgity and as such must be
achieved by all projects seeking certification (Mcile et al. 2010). Based on the
information from the surveys (Table 1), none of éimports’ pavement treatment
projects would meet the applicable Project Requarei (PR) credits and thus, not be
considered “sustainable” fyreenroadsstandards.

Of the 118 Voluntary Credits, 60 are applicablaitfield and/or pavement

treatments and, coupled with all Project Requirasiamould be sufficient to achieve
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Greenroadscertification. The effort to pursue certificatiomay seem disproportionate
to airport pavement treatment projects, Bueenroadsntends its framework to confer
the benefit of being a sustainability benchmark tiveeor not certification is initiated
(Muench et al. 2010). This serves the purposaisfdtudy. Some of the Voluntary
Credits apply to all airfield pavement treatmertdjects, such as Pavement Reuse (MR-
2) since the underlying pavement, the one thagilsgopreserved, remains in use.
Others do not apply to any, such as Long-Life Paer@n{PT-1). Yet others apply to
some of the study treatments and not to others.efample, Paving Emission
Reduction (CA-5) and (3-year) Contractor Warrai@A{8) apply to the paving
treatments that are expected to last longer thae tyears, but do not apply to fog seal
or shotblasting. Warm Mix Asphalt gets a 3-poirgdit advantage because of the
credit that bears its name (PT-3).

The six treatments were assigned the maximum caédibutable to it. Itis
noted that not all alternatives would be considdéoedhe same design problem.
Besides the exceptions previously mentioned, ateshthe same number of credits, so
the Greenroad<redit variance for this study will be small. gractice, the variance
could be overcome by the treatment with the legestitby achieving Custom Credit
(CC-X). However, if an airport pavement manageereo use th&reenroadgnetric
to assess the sustainability of competing treatraketnatives, a large variance could
exist. Of the 60 airfield/pavement treatment-agaddie Voluntary Credits, 36 could be
project-sensitive and could clearly yield a largstainability variance between
treatments. For example, credits like Regionalévlals (MR-5), Fossil Fuel Reduction

(CA-4), Permeable Pavement (PT-2) and Custom Gré@iC-X) could vary greatly
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between alternatives, thus demonstrating that Goeels could contribute to and justify

a pavement manager’s selection oftiigat treatment The remaining credits, which

detail management processes and systems, woulapbeadle to all treatments if

applicable to one. For example, having an Enviremta Management System (EW-1)

or Safety Audit (AE-1) would apply to all or non&tbhe treatments being considered

for a specific project. Table 5.4 outlines crexpplicability.

Table 5.4 Airport and Pavement Treatment-ApplicableGreenroads Credits.

GreenroadsRating System v1.0, 2010

Greenroads Applicable Total Non-Applicable Total
Categories Categories Credits Categories Credits
Project PR-1,2,3,4,6,7,8,9,10,11 Required PR-5 Requ
Requirements
Environment & | gy 1 7 5 EW-2,3,4,5,6,8 16
Water
Access & Equity] AE-1 2 AE-2,3,4,5,6,7,8,9 28
Construction | - 1 53456,7,8 14 0
Activities
Materials & MR-1,2,4,5 17 | MR-36 6
Resource
Pavement PT-2.3.4.6 12 PT-1,5 8
Technologies
Custom Credit CC-X 10 0

Total Applicable Credits: 60

Total N/A Credits:58

red

Standard utility theory was applied as shown indigm 5.3 (West and Riggs, 1986):

GreenroaddMetric =GR Score+ GR Scorgay

where:GreenroadsScorg = treatment’sGreenroadsScore

Eg. 5.3

GreenroadsScoregax= the maximuntGreenroadsScore value in the range of

all treatments.

Treatments were then ranked and shown in Table 5.5.
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Table 5.5 Greenroads Score by Airport Pavement Traanent.

Greenroads Pavement Treatment Scoring & Metric
Pavement Treatment GreenroadsScore GreenroaddMetric*

Warm Mix Asphalt (1.5") 47 1.00
Microsurfacing 44 0.94

Hot Mix Asphalt (1.5") 44 0.94
Slurry Seal 44 0.94
Shotblasting 40 0.85

Fog Seal/Seal Coat 40 0.85

*0 = lowestGR score, 1 = highe$sR score

5.5 RESULTS

The Green Airport Pavement Treatment Matrix presid comparative analysis
of both the engineering and financial information $elected airport pavement
treatments for a given pavement problem. The tpeeeanalysis will allow airport
pavement engineers to make treatment decisionsl lsaissustainability rather than
merely lowest first cost.

Output from the LCCA, RMC and GR metrics were gpedl and a “Green
Airport Pavement Maintenance Matrix” was prepatet tank orders the common
treatments based on sustainability. A “Green Airpavement Index” (GAPI)
calculation was exacted on each treatment bas#tearorresponding metric data
generated. To combine the analysis, a weightechgedWest and Riggs, 1986) was
used to create the GAPI as shown below.

GAPI = X%(LCCA) + X%(RMC) + X%(GR) Eq. 5.4

where: X% = Weight assigned to a given metric.

Three weighting methods were selected to demoedinatframework and are

shown in Table 5.6. The first weighting methotss#l three metrics equal. A larger
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airport may primarily consider environmental fast@Berry et al. 2008), so an “Eco-
driven” method was used that heavily weights tharenmental components. A
smaller airport may favor lower cost (Berry et2008), so a “Cost-driven” weighting
method was selected. In practice, the pavemenagardetermines the weight for
each metric based on engineering and triple boliteerfactors. It should also be noted
that the matrix shown in Table 5.6 does not sealotopare all treatments to each

other. It merely shows the GAPI for the six moghooon pavement treatment found in

the survey.
Table 5.6 Green Airport Pavement Treatment Matrix.
Green Airport Pavement Treatment Matrix
Green
Life Cycle | Raw Material | Greenroads Airport
Cost Consumption Credit Pavement
Pavement Treatment Metric Metric Metric Index
Weight: Balanced 33.33% 33.33% 33.33% GAPI
Microsurfacing 0.37 0.77 0.94 0.69
Fog Seal/Seal Coat 0.14 0.97 0.85 0.65
Shotblasting 0.00 1.00 0.85 0.62
Slurry Seal 0.22 0.46 0.94 0.54
Warm Mix Asphalt (1.5”) 0.31 0.00 1.00 0.44
Hot Mix Asphalt (1.5") 0.31 0.00 0.94 0.42
Weight: Eco-driven  20.00% 40.00% 40.00% GAPI
Microsurfacing 0.37 0.77 0.94 0.76
Fog Seal/Seal Coat 0.14 0.97 0.85 0.76
Shotblasting 0.00 1.00 0.85 0.74
Slurry Seal 0.22 0.46 0.94 0.60
Warm Mix Asphalt (1.5”) 0.31 0.00 1.00 0.46
Hot Mix Asphalt (1.5") 0.31 0.00 0.94 0.44
Weight: Cost-drivery  80.00% 10.00% 10.00% GAPI
Microsurfacing 0.37 0.77 0.94 0.47
Warm Mix Asphalt (1.5”) 0.31 0.00 1.00 0.35
Hot Mix Asphalt (1.5") 0.31 0.00 0.94 0.34
Slurry Seal 0.22 0.46 0.94 0.32
Fog Seal/Seal Coat 0.14 0.97 0.85 0.29
Shotblasting 0.00 1.00 0.85 0.19
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Once the matrix is developed, the pavement maragethen use this output to
compare the sustainability of alternatives beingsodered for a given pavement
maintenance project. For example, if the airpod $eheduled an overlay for a given
pavement, the GAPI for hot mix can be compareth¢oGAPI for warm mix to give the
pavement manager a means to incorporate the ekatistainability of the two
treatments in the final treatment selection denisith a pavement manager was
comparing microsurfacing to slurry seal and shetbig as possible alternatives to
restore surface friction on a given pavement, Téldhows that microsurfacing would
have the highest GAPI, i.e. be the most sustairgitien, in the balanced, “Cost-driven”
and “Eco-driven” weighting methods. If microsuifagwas dropped for some external
reason, then shotblasting would be preferred talimey seal in all but the “Cost-driven”
method. A sensitivity analysis was conducted aihe@mponent to determine the
impact of variations in parameter weighting valuéthe LCCA component is weighted
16% or less, the shotblasting option would be aw®rsd the most sustainable of the
options, depending upon the weighting for the RMi@ &R metric and consistent with
Tables 5.3 and 5.5 results.

The intent of this chapter is to demonstrate sasuability evaluation framework
for pavement treatments. It is not a represemtatispecific sustainability attributes of
the listed treatments. Many project-specific fextntribute to the three metrics that
comprise the GAPI and are subject to project-seagiiarameters, supporting the
fundamental premise that choosing tigiat treatmentor a specific project is not
attempting to determine the best overall treatrfa@rall projects. Any of the pavement

treatments, such as the hot mix asphalt or sl@ai; sould garner the highest GAPI,
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regardless of weighting methodology, and when @uiplith engineering factors, be the
right treatmentfor the pavement treatment project at hand.
5.6 CONCLUSIONS

Proactive pavement maintenance is fundamentatpordisustainability. Itis a
solution that a pavement manager can implementetgepve the airport’s biggest
investment. This can yield significant cost sagingcreased operational efficiency and
safety and reduced environmental impact. Airptivésé do have a pavement
management program can identify tight pavemenandright time but lack a tool to
evaluate the sustainability of thight treatment This may be attributable to the lack of
a standard, scaleable airport pavement treatmefarpgnce metric that could provide
necessary information to the pavement managerdagpthe economic, social and
environmental impacts of competing treatments. “Green Airport Pavement Index”
(GAPI) could be used by a pavement manager to geoxiperformance benchmark for
theright treatmentand enhance the overall sustainability of the par@ maintenance
program.

Future applications could include the developméndals, such as LCCA, LCI
and a sustainability rating system, that are syearfd proportionate to airport
pavement treatment, which would simplify the GARIgess. It could also include

application to a specific airport pavement probkamd consideration of technical issues.
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6.0 COMPARATIVE ANALYSIS OF MACROTEXTURE
MEASUREMENT TESTS FOR PAVEMENT PRESERVATION

TREATMENTS®

Aktas, B., D.D. Gransberg, C. Riemer, and D.M.drigrer, “Comparative Analysis of
Macrotexture Measurement Tests For Pavement Pedg®rv Treatments,”2011
Transportation Research Recordpurnal of the Transportation Research Board,
National Academies, Washington, DI€sue 2209, 2011, pp 34-40.
6.1 PAPER SYNOPSIS

This chapter reports the results of field pavenpeeservation research
discussed in Chapter 2 with regard to macrotextétréhe time of publication, the
project had provided two and a half years of textiata from two accepted methods for
measuring pavement macrotexture: the outflow m&&rM STP 583 and the Transit
New Zealand TNZ T/3 sand circle. As a result @f pinotocol which calls for monthly
macrotexture measurements in the field, functidinatations regarding the accuracy of
macrotexture measurements were observed on baoitlesthtests. The chapter
furnishes guidance to researchers and practitionexslecting a pavement
macrotexture test method. It was also the basisamfrotexture measurement
methodology in Chapter 7.
6.2 BACKGROUND AND MOTIVATION

In 2001, the Virginia Department of Transportat(dOT) started
experimenting with applications for using macrotegtmeasurement in pavement

management programs (Flintsch, 2003). The Texaaepnt of Transportation

® The original journal paper has been reformattesiaée it consistent with the other published
chapters in this document.
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(TxDOT) sponsored a 3-year project to test the Sitdew Zealand (TNZ) P/17
performance specification and found that TNZ detation models were directly
applicable to the US environment (Gransberg, 20075 led to a TXDOT program that
is experimenting with using macrotexture measurdsienset binder application rates
on distributors with variable spray bars (Yildiri2009). Additionally, de Leédn et al.
(2009) proposed a technique based on stereoscopging, which was not unlike a 2D
imaging method based on information reported byvBitesky et al. (2006). As this
approach gains acceptance, the need to fully utaahetshe capabilities and limitations
of the available suite of macrotexture measurirdytasting procedures will be
important to the development of PPT trigger pothtt will assist pavement engineers
in selecting not only the right treatment but &ls® proper time to apply that treatment.
There have been a number of research studies pebtlen various methods to
take these measurements. In 2003, Flintsch 2@0.3), compared the ASTM E965
sand patch method with the Mean Profile Depth datexd by a laser profiler and the
ASTM E2157 Circular Track Meter (CTM) and achievedcellent correlation” on
HMA pavements at the Virginia Test Road. The oliyecdf that study was to use
measured macrotexture as a metric to detect sdgregathe mix. Weissman and
Martino (2009) studied the correlation between@ié/1 and the ASTM E2380 outflow
meter with the objective of developing macrotextiaifire criteria for chip seals in
Texas. Their development of a failure criterion eamom crash data from roads in the
French Alps found in the literature (Gothie, 199@)ey then converted the French
texture data to mean texture depth (MTD) usingAB&M equation and found the

failure criterion to be 0.46mm (0.02 in.). Trard@gw Zealand also has a macrotexture
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failure criterion (TNZ, 2002) that was developeadnfrrigorous field testing. The field
data analysis resulted in a deterioration modetivis used extensively in their
performance-based maintenance contracts for chilg @danion and Tighe, 2007). The
failure criterion used in New Zealand is 0.9mm 8&.(n.), double that proposed by the
French study. The TNZ criterion was proved to bgliapble to the US environment in
a 3-year field test of chips seals in south Texasuisberg, 2007). However, the
purpose of this chapter is not to recommend chapfedure criteria but rather to add
another brick in the body of knowledge related &asuring the macrotexture of PPTs
like chip seals. Additionally, the TNZ T/3 sandab# provides an alternative to the
ASTM sand patch, which comes from New Zealand witesethe primary field test
performance measurement (Pidwerbesky et al. 20@6)ptovides input to the TNZ
performance-based pavement preservation and mamterprogram. Finally, to avoid
possible confusion, it must be noted that the @raphot about measuring skid
resistanceor pavement surface frictiofmicrotexture). Research has shown that the
locked-wheel skid numbers commonly used by trartgphon agencies reflect the
surface microtexturaot macrotexturdGransberg and James, 2005; TNZ, 2005;
Flintsch et al. 2003)Vhile macrotexture does contribute to skid resistathe purpose
for measuring it is to monitor the pavement’s dagi@ characteristics (i.e. reduced
probability of hydroplaning) not its surface frimtial characteristics (Erwin and Tighe,
2008).
6.3 RESEARCH METHODOLOGY

The research reported in this chapter is based tipporesearch project

introduced in Chapter 2, which currently has threars of texture data for the field test
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sections of 23 different PPTs on both asphalt amti@te pavements located on State
Highway 77 between Oklahoma City and Norman, Okta&oThe remainder of this
chapter will focus on the differences between ti s STP 583 outflow meter
measurements and the TNZ T/3 sand circle test &asoring mean texture depth
(MTD) on a variety of surfaces with a broad ranfeeatures, as shown in Figure 2.2 in
Chapter 2. The 23 - 0.25 mile (0.4 km) test sesti@present the full range of FHWA
approved PPTs for both asphalt and concrete pausr{@riger, 2005) and include a
range of treatments from fog sealing on asphaltstnodblasting on concrete to a thin
hot-mix overlay and “next generation” diamond giimgd Because of this project’s
broad scope, it furnishes a perspective on maduwexneasurement that is not found
in previous research which is typically concenulate a single pavement surface type.
Thus, the results reported in this chapter carabert as representative to a single
highway agency'grogramrather than just for a single typepbject

Pavement macrotexture was measured using the saledand that outflow
meter on each test section before the treatments applied and on a monthly basis for
three years after application. The TNZ/3 protoegjuires a series of three sand circles
spaced one meter apart be taken and the resutasgade(TNZ, 1981) and ASTM
protocol (ASTM, 2009) is similar but calls for thegerage four outflow measurements
at roughly the same spacing. Thus, this projeceldged a test pattern that started with
the outflow meter tests alternated with the sancles between the outflow meter tests.
Tests were taken in the right wheel path and betwiee wheel paths for each section,
yielding a total of eight outflow meter and six dagircles tests each month on each

section. This permits changes in pavement macnatexre recorded over time, and
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each treatment’s performance can then be compar@tidther treatments under the
same traffic, environment, and period. Regresdiedinal data in the same manner as
that used by Austroads and TNZ ultimately resulta simple deterioration model for
each treatment applicable to central Oklahoma hedraffic conditions observed on
State Highway 77, as demonstrated in Chapters # aAd unintended output from this
project is the ability to check correlations betwdiee two macrotexture measurement
methods on a variety of surfaces and perhaps negkemmendations as to which
testing methods are most appropriate for eachneatt

TNZ/3 Sand Circle Test

The sand circle test is used to measure the &xgfuhe chip seal road surface.
Surface texture refers to the macrotexture of tneement surface (Austroads, 2004).
Surface texture is a measurement which influenoesiominal size of aggregate used
for the chip seal and thus, ultimately determinesemal application rates, skid
resistance, and road noise. Characterization gbawement’s surface texture is a
critical step in the design process because ndiomumisurface textures in both the
transverse and longitudinal directions make iticlift to design a binder application
rate.

Historically, macrotexture has been measured usdhgmetric techniques, and
the most common US test procedure is the ASTM E{2666) Sand Patch Method.
Austroads (2004) is a proponent of the Sand Cii#é¢hod which has been adapted by
Transit New Zealand under TNZ T/3 test method spation (TNZ, 1981).This
method involves spreading 45 ml (15.22 oz) of dgaditicle size of 30@m to 600um)

by revolving a straight-edge until the sand is laevieh the tops of the cover aggregate
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(TNZ, 1981). The volume of material that fills therface voids determines the surface
texture. The greater the average texture deptigréneer the quantity of material lost in
the surface voids and the smaller the diametdnesand circle. The average texture
depth is calculated by dividing the volume of sagdhe area of the sand circle (TNZ,
1981).The sand should be dry and fine grained or andetsteng surface should also be
dry and swept free from detrituBhe ASTM test differs from the TNZ test in that the
sand is finer (pass the #60, retained on the #8fLugel NZ gradation of pass the #40,
retained on the #80) and it requires about halflth& volume of sand for the teSthe
mean texture depth for the 45 ml (15.22 oz) of sgpetified in NZ T/3 is determined
by:

MTD=57300/F Eq. 6.1

whereMTD is mean texture depth (mm) abds diameter of the sand patch
(mm). The technique, although simple, is vulnerableperator inconsistencies and can
be distorted by individual aggregate particles fioigratypically high peaks. Therefore,
repeat measurements at regular intervals are egtjtorcharacterize a particular section
of road. The results obtained vary from wheel patwheel path, and also in the areas
of roadway outside the normal wheel paths. The atkih slow to execute and traffic
management is required to protect the operatoneftuee, the technique is ill-suited for
routine monitoring of road surface texture ovear@é road network (Austroads, 2005).

Outflow Meter Tests

The test method for the outflow meter is speciigdASTM E2380/E2380M
(2009). This method does not measure the textysthdabrectly. It measures the ability

of the depth and interconnected nature of the vioidise surface to let water pass
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through the road’s surface. It is based upon a kneslume of water, under a standard
head of pressure, which is then allowed to dispemsigh the gaps (macrotexture)
between a circular rubber ring and the road surféke time it takes to pass the known
volume of water (the outflow time) is measured.the water can disperse very quickly
in a coarse-textured surfacing, this method is apligropriate for surfaces with low
texture depth. A European standard for this meth@dirrently under development
(Austroads, 2005). The method is especially us&it certain surfacing types, e.g.
Open Graded Friction Course (OGFC), that are desligm allow water to pass into and
through the body of the material. In such cases,ishea measure of the drainage
characteristic (permeability) as well as the eff#fdhe texture depth.

The outflow meter test quantifies the connectiaityhe texture as it relates to
the drainage capability of the pavement througkut$ace and subsurface voids. The
technique is intended to measure the ability ofp#neement surface to relieve pressure
from the face of vehicular tires and thus is andation of hydroplaning potential under
wet conditions. A faster escape time indicatedgrantr film of water may exist between
the tire and the pavement, thus more macrotexsuegposed to indent the face of the
tire and more surface friction is available to tine. The lower the number of seconds it
takes to evacuate the water, the lower the waesspre under the tire. The engineer
must then compare the results of this test to qibginent factors such as expected
rainfall intensity and frequency, aggregate tymssistency of texture, grade, slope,
expected vehicular speed, and accident historgetermine the relationship between
the outflow meter reading and the likelihood of tolaning on a given surface.

Comparing the outflow meter reading of a pavemeotn to have a history of
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hydroplaning, against one with little hydroplanimigtory provides the engineer an
indication of the outflow meter number that will becessary to promote wet weather
safety. To calculate mean texture depth the folhgwaquation is use@STM, 2006).
MTD = 3.114/OFT + 0.636 Eqg. 6.2
whereMTD is mean texture depth (mm) a@dFT is outflow time (sec).
Reproducibility
The New Zealand seal design algorithm requiresitexdepth of the existing
surface as a key input. This texture has been me@dsising the sand circle test. Even
with experienced, skilled operators, the test tamse time to perform, and is normally
done in live traffic conditions with varying leved$ traffic control. Even though the
reproducibility (40%) of the sand circle test iopat is the most common means to
measure texture in Australia and New Zealand (Ela#t al. 2000). A field study in
Texas found that when a large number of macrotextsts must be conducted in the
field that the TNZ T/3 protocol was more reprodileithan the ASTM sand patch
(Gransberg, 2007). This was due to the sand dieskeusing about twice the volume of
a coarser gradation of sand than the sand patcites study found that it was nearly
impossible to get consistent sand patch testsifield when conditions were windy,
regardless of the precautions taken to break thd fwvom blowing away a significant
portion of the sampling sand. This finding is comied by a 1974 California
Department of Transportation study that found thatsand patch test had 24%
reproducibility (Doty, 1974). Another study foutttht the outflow meter’'s

reproducibility was “poor” (Henry and Hegmon, 1975)
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6.4 RESULTS

In this study, macrotexture data was analyzedii&st Sections (TS). Sand
circle and outflow meter tests were completed aéest section once a month, and
macrotexture depths on the road surfaces werelatédu Macrotexture depths and

relative differences between both methods takéwowmember 2009 are shown in

Figure 6.1.
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Figure 6.1 Test Sections Macrotexture Results andifferences of Two Test

Methods as of 2009.

The difference in macrotexture measured by eachadet expressed as a
percentage of average test result deviation argl fbtnishes a relative difference from
test section to test section. This permits comparef the two test methods on surfaces
of varying materials as well as material-specifi@anotexture. Figure 6.1 shows that

the largest relative difference between the teshots are on TS21, TS9, TS22, TS8,
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TS11, and TS10 (from left to right in Figure 6.&rihg at TS21). Those test sections
showed a difference between the two test methatsgtyreater than 30%. These test
sections are all chip sealed surfaces, which hes@er macrotexture depths than the
other surface treatments. Thus, the outflow metgrdutflow times are very low, which
yields calculated macrotexture depths that aressiee. Chip seal surface smoothness
that is not regular due to different aggregate disitns, creates a situation where the
bottom surface of the outflow meter test devicencarmompletely cover the road
surface causing the water to flow out very quickiymany cases the outflow time was
one second or less. This creates a limitation withé equipment since the smallest
measurable unit of time is one second. For thessores, the calculated macrotexture
depth differences are great when compared to tie cecle. TS11 consists of
shotblasting on HMA. This section has structural eapillary cracks on the road’s
surface, which affect the outflow time by providiaghannel for the water to pass that
is not related to macrotexture. This explains tigh Inelative difference between the
two methods on this test section

In other test sections, the relative macrotextalee differences between the
two test methods were less than 30%. The lowefgrdiices occurred in test sections 2,
3,6,7,12, 13, 14, 16, 18, and 23. These tesibsschad macrotexture depths between
1.00 — 2.00 mm (0.04 — 0.08 in.) and the differeindte two test methods is less than
25%. Intest sections 1, 5, 15, 17 and 20, maxtate depths are less than 1.00 mm
(0.04 in.) and the difference between the two mashse between 25% and 30%. In TS4

the macrotexture depth is less than 1.00 mm (Q4nd the difference is 18.6%.
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Figure 6.2 illustrates the average macrotexturelt®and differences between the two

test methods in the test sections over a totattoh@nths.
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Figure 6.2 Average Macrotexture Results and Diffeneces between Two Test
Methods Over 24 Months.

This graph’s results are similar to the resultssshn Figure 6.1, the results for
a single month. Therefore, Figure 6.2 validatesRigere 6.1 trend showing differences
between the two methods are high on surfaces whaceotexture depth is high
(roughly greater than 1.5 mm (0.06 in.)) and loau@hly less than 1.00 mm (0.04 in.)).

This leads to the conclusion that each methodtsasvn inherent functional
limitations. The outflow meter is not ideal for hignacrotexture surfaces because it
cannot measure outflow times less than one seddredsand circle’s limitation is for
low macrotexture surfaces. The limitation heréhes ability of the engineer to be able to
reliably observe when all the voids have beendiead stop expanding the sand circle.
On a totally smooth surface such as glass, theeairould be one grain of sand deep

and could be theoretically expanded to infinitycsithere are no voids to fill. In fact,
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TNZ (2005) specifies the functional limit of sandctes to be 300 mm (11.8 in.) in
diameter or less. Any larger measurements are deéoriee unreliable. The results of
these analyses indicate that neither test methagpsopriate for all surfaces.

Figure 6.3 shows the percentage difference in tatleth macrotexture values
versus outflow time. It shows that the relativerg@in macrotexture is very high in the

initial seconds of the outflow meter test.
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Figure 6.3 Macrotexture Percentage Differences be®en Seconds in Outflow
Meter Test.

For example, if the outflow time were to be 0.tael, which cannot be
measured by the current device, then the calcutasotexture is 31.7 mm (1.25 in.),
and if outflow time is 1.0 second then macrotexiarealculated 3.75 mm (0.15 in.).
Difference between those values is 88.20%. Sineeldvice cannot measure outflow
times of less than 1.0 seconds, the engineer efiltige same outflow time value across
the range from 3.7mm to 31.7 mm (0.15 in. to 112k Since macrotexture values

decrease as the outflow time increases, this tendnues until the curve flattens out.
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If the calculated macrotexture value changes 4%5&tween 1-2 seconds, 23.67%
between 2-3 seconds, 15.50% between 3-4 secoril$ 1a01% between 4-5 seconds.
If outflow time is more than 5 seconds, macrotexttlianges per second of outflow
time are less than 10%. This leads to the conaiusiat the % second of outflow time
portrays a functional limiting point past which tt&lculated macrotexture values
become more reliable. Taking this information, caa infer that the outflow meter
method should not be used on surfaces that resalitflow times less than 5 seconds.
This translates to a macrotexture value of 1.26 (@b in.) or more.

Macrotexture curves that are derived from outfloeten and sand circle
methods are shown as a theoretical curve in Figurelt shows that across the initial 5
seconds in the outflow meter test the macrotexturee is steep which means

measurements will be unreliable.
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Figure 6.4 Theoretical Curves of Outflow meter andsand Circle Tests.

Hence, if outflow time is less than 5 seconds tthensand circle method should

be used for macrotexture measurements. The ouifleter and sand circle curves
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cross at 0.79 mm (0.03 in.) macrotexture values Thiue is equal at the ®@econd in
outflow meter method and a sand circle with a di@mef 265 mm (10.4 in.). The sand
circle diameter is large because the surface’s obaxture values are low. This value is
close the TNZ specified maximum diameter of 300§ in.). The difficulty of
creating a large circle during the testing, resiults testing error and poor
reproducibility. The outflow meter method is fastéed easier than the sand circle test
and should be used on surfaces where the macrogesdlue is less than 0.79 mm (0.03
in.).
6.5 CONCLUSIONS
Determining macrotexture on pavement correctly gundkly is important for

safety and economy in pavement preservation teslimg study investigated and
compared two methods commonly used to determineateagure on pavement
surfaces: the outflow meter and the sand circle Tdége research and analysis results
show that there are functional limitations in eawfthod’s ability to accurately measure
pavement macrotexture. The outflow meter providesguwith results measured in
seconds. It is portable, practical on wet surfaicespensive, and fast, but the measured
outflow time can be inaccurate for PPTs with highcnotextures. The opposite is true
for the sand circle method which should be avoedurfaces with low macrotexture.
This results in the following recommendations fppeopriate use of each test method:

* If macrotexture < 0.79mm (0.03 in.), use the ouwtfloeter only.

* If macrotexture > 0.79mm (0.03 in.) and < 1.26mn@%0dn.), either test is

appropriate

* If macrotexture > 1.26mm (0.05 in.), use the sandectest only.
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Previous studies have been conducted to estaklistionships of various test
methods to measure macrotexture. However, thoseatlplooked at a single surface
treatment and as a result did not create an opmtyrtio observe the relative differences
between two or more macrotexture measurement melihgids. The results discussed
above are the first to give quantitative guidarcessearchers and practitioners
regarding trigger points where the two test methmetome most appropriate for
differing pavement surfaces. It is recommended tti@macrotexture limitations for
each test method should be contained in speciicsiior each test to ensure that those

agencies that use these tests are made awarehafestis functional limitations.
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7.0PERFORMANCE-BASED LIFE CYCLE COST ANALYSIS: A

CHIP SEAL FIELD TEST CASE STUDY °

Pittenger, D.M. and D.D. Gransberg, “PerformancedsialLife Cycle Cost
Analysis: A Chip Seal Field Test Case Study,” sutedifor 2012 International
MAIREPAYV (Maintenance and Rehabilitation of Pavemsesmd Technological
Control) 7 Conference in The University of Auckland
7.1 PAPER SYNOPSIS
This chapter demonstrates application of the nutlogy for quantifying
service lives for use in LCCA discussed in previobhapters. Performance data based
on microtexture and macrotexture from three US sl field test sections tracked
over a three-year period is used to demonstratemn#tbodology. The chapter
concludes that using performance-based servicgdiiges based on deterioration
model data in LCCA provides a superior result wsthbased on assumed/empirical
service lives and can be utilized to assist a pavemanager in selecting the most
cost effective PPT for a given pavement managempefiem.
7.2 BACKGROUND AND MOTIVATION
Chip seal is a PPT option (FHWA 2011) that is e8ally “a single layer of
asphalt binder that is covered by embedded aggr€gae stone thick), with its
primary purpose being to seal the fine cracks enuthderlying pavement’s surface and
prevent water intrusion into the base and subgré@dednsberg and James 2005). Itis
also used to restore skid resistance to a pavesadiaice for traffic safety (Gransberg

and James 2005, Roque et al. 1991). Two commosurgaents used to assess chip

® The original journal paper has been reformattesiaée it consistent with the other published
chapters in this document.
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seal performance amsicrotextureandmacrotexturgGransberg and James, 2005;
Roque et al. 1991). For more information regardivese measurement methods, refer
to Chapters 1, 2 and 6.

Fog seal is a PPT option (FHWA, 2011; AEMA, 200Lstcalt, 2001) that is
essentially “a light spray application of dilutgphalt emulsion” (AEMA, 2011).
Aggregate loss is a failure criterion associatetth whip seal (McLeod, 1969) that can
be mitigated by applying fog seal to the chip semface, whereby maintaining
macrotexture (Roque et al. 1991). Although perfarceainformation is limited, fog
seals have been found to enhance short-term pavgadarmance (Outcalt, 2001),
but have not been shown to enhance skid resistarglew surface deterioration over
the long term and more research is needed (Lu tawk® 2006; Prapaitrakul et al.
2005; Outcalt, 2001; Estakhri and Agarwal, 1991).

One way for pavement managers to enhance decersaéiing and justification is
to incorporate engineering-based performance d&aiCCA (Bilal et al. 2009;
Reigle and Zaniewski, 2002). Many agencies alreadlgct such data, in the form of
microtexture or macrotexture, to support pavemeamagement (Gransberg and
James, 2006). Using this “localized” data can @lechip seal performance insight
(Bilal et al. 2009; Reigle and Zaniewski, 2002) asdist pavement managers in
determining theight treatmentcomponent of theght treatment for the right road at
the right timepavement preservation strategy (Bilal et al. 208&hkin et al. 2004).
The objective of this research is to propose a atrilogy for extending the use of
microtexture and macrotexture data to produce mgéuliinput values to LCCA and

furnish pavement managers measurable failure ieriterestimate service lives of
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PPTs. The methodology is demonstrated by usirgfdatn three US chip seal field
test sections tracked over a three-year period.
7.3 RESEARCH METHODOLOGY
The methodology used in this chapter is the sasmie @hapters 2 and 6 and
should be referenced for detail. The underlyindhaippavement was in good
structural condition at the time of test sectionstouction, consistent with pavement
preservation guidelines (Galehouse et al. 2008 three chip seal test sections have
been exposed to the same environmental conditith$raffic volume (approximately
12,000 vehicles per day) over the three-year peridte test sections were
constructed in smooth traffic-flow sections of Highy 77H and away from areas
where vehicle stopping or slowing was expectedhEast section is 1,320 feet (402
meters) long and one lane wide. The chip seal madgen all sections were obtained
from same sources and installed in accordance®@B®T specifications. Cationic
High Float Rapid Set — 2P was used for the asjginalision binder. One chip seal
test section is classified as an ODOT 3/8” chig sdach has a nominal maximum
aggregate size (NMAS) of 3/8 inch (9.5 mm). Theeotfwo sections are classified as
ODOT 5/8” chip seals, which have NMAS of 5/8 indienm). Immediately after
construction, one of the 5/8” sections was fogextalith an SS-1 oil diluted to a ratio
of 5:1 water to oil and applied to the surface edta of 0.1 gallons per SY (0.32 liters
per SM) across the entire lane of the test section.
The testing protocol included gathering micro amatrotexture measurements

for the three test sections (Chapters 2 and 6§ ifiial measurements were taken
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immediately after construction for the establishbm@rbaseline measure, then
monthly thereafter for three years.

The New Zealand Transport Agency (NZTA) TNZ T/Standard Test
Procedure for Measurement of Texture by the SandeOMlethodgTNZ 1981),
which is commonly used in Australia and New Zealemdauge macrotexture, has
been found to be an appropriate chip seal perfocmareasurement in the US
(Gransberg, 2007) (Chapter 6). The macrotexturgasomements used for this study
were taken with this equipment, which is pictunedrigure 2.2.

The monthly microtexture and macrotexture perforogedata was gathered
from the three chip seal field trials and usedreate deterioration curves that show
the rate at which the skid number (microtexture) BATD (macrotexture) decreased
over the three-year evaluation period, then extedpd to provide localized service
life insight. Three service life values based dorotexture, macrotexture and
assumption were used in the LCCA calculations talpce an EUAC for each chip
seal type. The chip seal EUAC values were thetuated to demonstrate the
methodology for comparing PPTs with performancesddsCCA.

7.3.1 Deterioration Models

Linear regression was applied to each chip sealsotexture and macrotexture
data, as described in Chapter 4. Figure 7.1 shiogvdeterioration of macrotexture
over time exhibited by the 5/8” (16mm) chip seaitfut fog seal) test section. The
equation derived for the linear regression is showthe upper right-hand corner of
the figure. The coefficient of determination’{vas 0.9105. The regression equation

was then used to calculate the deterioration reyerd the available 33-month data.

140



These values were added to the actual data poistettapolate the curve out to 36

months (i.e. 3-year service life expected), whefalls below the failure criterion of

0.9mm as shown in Figure 7.2.
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Figure 7.1 Untreated 5/8” Chip Seal Macrotexture Deerioration.
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Figure 7.2 Untreated 5/8” Chip Seal Macrotexture Deerioration, Extrapolated.

When considering the same test section on the h#Esisicrotexture, the
extrapolated curve @R= 0.8583) extends out to 110 months (i.e. 9-yeavice life

expected), where it falls below the failure criberiof 25, as shown in Figure 7.3.
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Figure 7.3 Untreated 5/8” Chip Seal Microtexture Deerioration and
Extrapolation.

7.3.2 Deterministic EUAC Life Cycle Cost Analysis
EUAC LCCA was conducted in accordance with theho@blogy
described in Chapters 3 and 4. Chip seal serfegvhs either the assumed
value or estimated from the deterioration modete @iscount rata)was 4%,
in accordance with FHWA recommendation (FHWA 1998jesent value of
chip seal costd) contained initial costs for the chip seals (materand
construction) obtained from ODOT (Table 7.1) argtdunted future
maintenance cost estimations. Activity timing fioture maintenance included

a three-year frequency for crack seal and 2%-@Hartea patching.
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Table 7.1 Initial Field Test Chip Seal Costs.

Chip Seal Cost (in US Dollars)

Per Square Per Square
PPT Yard Meter
3/8” Chip Seal (NMAS 9.5mm) 1.62 1.92
5/8” Chip Seal (NMAS 16mm) 1.66 1.98
5/8” Chip Seal with Fog Seal (NMAS 16mm) 1.87 2.22

7.4 RESULTS

Performance-Based Service Life Estimation for LCCA

The estimated service life values for the thrap skal field test sections based

on their actual performance are shown in Table Tl2ese values differ significantly

from each other, as well as from the 5-year-avessgemed value determined

through ODOT and literature.

Table 7.2 Performance-Based Service Life Values F&hip Seal.

Performance-Based Service Life Estimation for LC@@Ayears)

(NMAS 16mm)

Lit. Review &
PPT Macrotexture Microtexture |ODOT Survey
3/8” Chip Seal (NMAS 9.5mm) 1.2 3.33 5
5/8” Chip Seal (NMAS 16mm) 3.0 9.1 5
5/8” Chip Seal with Fog Seal 3.4 8.3 5

The 3/8” (9.5mm) chip seal has already failed @trtexture and is nearing

microtexture failure. The fog-seal treated 5/83rfim) chip seal is expected to have a
longer service life (3.4 years) than the untre&i@d section (3 years) on the basis of

macrotexture (aggregtate retention), consisterit lvgrature. However, the treated

section is not expected to have a longer serviedbsed on microtexture (skid

resistance), also consistent with literature.
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Performance-Based LCCA

LCCA sensitivity to the service life parameteeigosed by the different
EUAC results shown in Table 7.3. The chip seal whilowest EUAC (rank) would
be considered the most cost-effective optionhdfpavement manager conducted the
LCCA with an empirical service life estimate ofdiyears, then the 3/8” (9.5mm) chip
seal, which had the marginally-lower initial cosguld be selected. However, the
field trial showed that it resulted in the highl#&t-cycle cost and was the least cost-
effective optiorfor this specific projecbased on its actual performance.

The premise of pavement preservation is that motgatment is best, but that
each case should be evaluated to determineghttreatment for the right road at the
right time (Peshkin et al. 2004). Therefore, it should notdestrued that a 3/8”
(9.5mm) chip seal is never a cost-effective optiad it should be expected to be the
preferred treatment for some projects based onittonsl

Table 7.3 LCCA Values For Chip Seal Field Test Séons.

Equivalent Uniform Annual Cost (in US Dollars peaarie-mile*)
Lit. Review
and ODOT
Microtexture Survey
Macrotexture EUAC EUAC
PPT EUAC (Rank) (Rank) (Rank)
3/8” Chip Seal (NMAS 9.5mm) 9,923 (3) 3,726 (3) 3,123 (1)
5/8” Chip Seal with Fog Seal
(NMAS 16mm) 4,218 (2) 2,574 (2) 3,518 (3)
*1 Lane-mile = 5,890 SM

If the pavement manager considered only macrotextata, then it would
appear that both the treated and untreated 5/8'fi)6sections would provide similar

returns on investment. The treated section hadlzehinitial cost due to fog seal
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application, but the cost was offset by the lorggwice life estimation. If the
pavement manager only considered microtexture, ttenintreated 5/8” section
clearly appears to have the lower life-cycle cost.

Although the micro and macrotexture smife values (and EUACS)
significantly differed, the chip seal rankings #re same for both categories. The
performance-based LCCA showed that the untrea®d 5mm) chip seal is the
most cost-effective option, returning a differergfprred alternative than the LCCA
based on the empirical service life value. Thsvahthat using localized
performance-derived deterioration curves and faituiteria for LCCA provides a
more accurate result than the empirical valuesdovice life

7.5 CONCLUSIONS

This chapter demonstrated a performamasedh evaluation methodology to
determine the cost effectiveness of PPT alternatisging treatment deterioration and
life cycle-cost modeling. Commonly collected engneg technical data, like
microtexture and macrotexture, can reflect localizenditions and give realistic
insight to treatment performance. If this is notgidered in LCCA service-life
determination, output may be skewed and the madteftective option may be
obscured. When the performance data is quantimedused in LCCA, however, it
can furnish pavement managers LCCA results thasgverior to those based on
empirical input values and can provide the enhamabddy to truly identify, and then

justify the most cost effective pavement treatnient given project.
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8.0STOCHASTIC LIFE CYCLE COST ANALYSIS FOR

PAVEMENT PRESERVATION TREATMENTS

Pittenger, D.M.,D.D. Gransberg, M. Zaman and C. Riemer, “Stochasfie Cycle
Cost Analysis for Pavement Preservation Treatnienigansportation Research
Record, Journal of the Transportation Research Board, NatioAcademies,
Washington, D.C. (Accepted for publication 2012).
8.1 PAPER SYNOPSIS

This paper served to disseminate the stochast®&ELCCA model to the
pavement preservation community. The use of LCE€A decision-making tool in
pavement design and the analysis of competingnaltiees is recommended by the
FHWA. However, dependence on deterministic LCCAdpiaes validity issues
regarding the accuracy of input information becaafdbe degree of construction price
volatility found in the underlying commodities usedpavements. Stochastic LCCA
has been shown to provide superior results whet atséhe new pavement design or
network level and is suggested for transportates by the FHWA. However, no
project-level tools exist to facilitate use of agtastic approach to PPT evaluation.
This chapter proposes a practical stochastic LC@8ahbased on EUAC specifically
for comparing PPT alternatives. The chapter exslatatistical LCCA techniques that
expose inherent uncertainties to identify and gbatite risk of commodity price
volatility. The proposed methodology enhances\wepeent manager’s ability to
address budget issues and mitigate risk whilefyusty PPT decisions. It is concluded

that underlying commodity price volatility in pavent treatment costs can be

" The original journal paper has been reformattesiaée it consistent with the other published
chapters in this document.
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effectively modeled using stochastic LCCA. It atsswers the research question:
stochastic LCCA does provide a different answen ttheterministic LCCA.
8.2 RESEARCH METHODOLOGY

Deterministic sensitivity analysis cannot addgssultaneous input variability,
guantify risk, nor provide associated likelihoodoaturrence like a probabilistic
approach can (FHWA, 1998a). It only shows if a&ige change in an input value
would produce a different output value, as demauestkin Table 8.1. If the change
results in a different outcome, then the paramsteonsidered sensitive. Table 8.1
shows the EUAC and service life/discount rate demitges of a one lane-mile one-inch
Hot Mix Asphalt (HMA) overlay treatment that inclesl user costs and future
maintenance costs. The FHWA suggests a discoteirr#he range of 3% - 5%
(FHWA, 1998a) be used in analyses. An 8-12 yeaAHfdrvice life for LCCA
calculations was supported by the literature (Balal. 2009; Stroup-Gardiner and
Shatnawi , 2008; Bausano et al. 2004). Table&ivs sensitivity in the deterministic
method that provides an estimated EUAC range af3Band $5,259, based on the
input assumptions.

Table 8.1 EUAC LCCA Results, Deterministic Method vith Sensitivity Analysis.
HMA EUAC ($/lane-mile), Deterministic Method

Discount Rate
Service Life (YR) 3% 4% 5%
8 4,917 5,086 5,259
10 4,387 4,551 4,719
12 3,759 3,933 4,111

147



The primary objective of this study is to examihe stochastic LCCA approach
specifically for a PPT application. Figure 8.1 pidahe FHWA stochastic LCCA

methodology (FHWA, 1998a) by calculating EUAC iresteof NPV.

AsphaltBinder ——> /\

Diesel Fuel ——> /\
Aggregate ,9/\ +

Labor ,9/\ Initial Costs

1

Future Costs (Maintenance) X (1 + i)n
& User Costs

v oo _

A: 2P x i(1+i)”/A

EUACHMA A 4
(1+i)"-1

Figure 8.1 Stochastic EUAC Approach for Commodity-Bised LCCA. (Adapted
from FHWA (FHWA, 1998a))

This study followed FHWA guidance for conductingahastic LCCA (FHWA,
1998a) and is outlined in Chapter 1. Several stegre considered for model
construction, including whether to treat the inpalues deterministically or
probabilistically, fitting the commodity sample dawith the appropriate distribution
and developing the algorithm for risk analysis.

Step 1: Deterministic and Stochastic Input ValuéeDaination

Step one of a stochastic approach requires tHgsana identify which input
values have associated uncertaemygwill have a material effect on the outcome
(Gransberg and Kelly, 2008; Reigle and ZaniewsB@2 Tighe, 2001; FHWA, 1998a).
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Those values should be treated probabilisticallyilenall others are treated
deterministically to simplify the analysis. (Figu8.1 denotes those to be treated
probabilistically with a probability distribution.)

Service life uncertainty is what creates sensitii LCCA results (White et al.
2010; Hall et al. 2003; Reigle and Zaniewski, 2082) make it a good candidate for
stochastic treatment (Bilal et al. 2009; Reigle Zadiewski, 2002). The triangular
probability distribution has a minimum value, maxim value and most likely value,
and is commonly used for variables that have lich#ample data but can be reasonably
estimated, like service life (FHWA, 1998a). Theref this study uses the triangular
distribution to describe the one-inch HMA pavemeaatment’s service life, with a
minimum value of 8 years, maximum value of 12 geand most likely value of 10
years, consistent with literature (Bilal et al. 208troup-Gardiner, M. and S. Shatnawi,
2008; Bausano et al. 2004). This study uses taqurs 30 years of discount rate data
from the Federal Reserve (2011), fitted to the appate probability distribution.

Agency costs of a pavement treatment, such aaliaitd future costs, are
considered in LCCA. If a pavement treatment iseexgd to incur future costs, like
maintenance, comparable to those of other altesesaind would not have a material
effect on the output, those costs could be tredeterministically or ignored altogether
(FHWA, 1998a). Because of this reason, this stughts the future costs
deterministically. The discounting of those coktswever, will be treated
probabilistically, as discussed in the previougieac

Initial pavement treatment material and instadlatcosts constitute a major part

of the pavement treatment expenditure and shoutcebéed probabilistically due to
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uncertainty. Research has shown that the impamaérlying construction material
price volatility should be quantified and is vitalanalyses (Wang et al, 2009;
Gransberg and Kelly, 2008). Relying on historimadts alone, while ignoring the
impact of escalating construction costs can intcedsubstantial risk and bias into
analyses (Wang et al, 2009; Gransberg and Kell§8R0Current market price can be
used to track volatility in transportation-specid@mmodities such as aggregate, asphalt
binder and diesel (Gransberg and Kelly, 2008). dsphalt binder, diesel fuel,
aggregate and labor components of the one-inch Kig#&ment initial cost are treated
probabilistically for this study (Figure 8.1). Thest of these commodities was
determined from US Bureau of Labor Statistics (USPBHata (2011) and Engineering
News Record magazineQuarterly Cost Report€011), which derives its cost data
from the US Bureau of Labor Statistics. Historemad current cost data comprise the
data sets. Three sample data sets were obtaineddb commodity on the basis of
volatility to check for LCCA sensitivity: data frothe previous 1-year period (July
2010 — June 2011), 2-year period (July 2009 — 2014) and five-year period (July
2006 — June 2011). Figure 8.2 also includes aez-yample data period (July 1986 —
June 2011) to further illustrate the quantifiedatity and cost pattern in the asphalt

binder portion of the agency costs.
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Figure 8.2 Asphalt Binder Probability Distributions for Various Sample Data
Sets.

Figure 8.2 shows the probability distributions floe asphalt binder input
variable based on the different sample data sktsre is negligible difference between
the “current” data sets (1-YR and 2-YR). Howe\mth of the “historical” data sets
(25-YR and 5-YR) have greater variability (volag). When one considers the data
closely, the 25-YR data set contains values clo$i42 per ton of asphalt binder on
the low end, which has not been experienced sme4%80’s. Both the 25-YR and 5-
YR data sets contain a value of $720/ton when ipdee hit an unprecedented high in
2008. These extreme values are the cause ofghevhriability (standard deviation
values) of their probability distributions and repent scenarios that are unlikely to
occur again in the future. The implication of ratyon the “historical” data, in this
case, is that the resulting EUACs will be lower &imked due to the extreme values.
The “current” data sets will yield higher EUAC vak) but may be more reliable.

These results are exhibited in Figure 8.2 in theuRe section of this chapter.
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Historical data may be too conservative and ming@urrent volatility in
EUAC output, or it may be the converse, which mehashistorical data actually
contributes to the variability of the EUAC outpuiample data sets should be carefully
considered so as not to inadvertently introduce lto the analysis (Wang et al, 2009;
Gransberg and Kelly, 2008). Input value distribnsi@an be subjectively defined based
on the pavement engineer’s judgment or objectideljned based on sample data
gathered from historical or current data from searike bid tabulations and pavement
management systems (Wang et al, 2009). Ultimatiedéyanalyst must use judgment to
properly assess and address uncertainty in angliyBB§¥A, 1998a).

User costs can affect pavement treatment LCCAocouéc(Bilal et al. 2009; Hall
et al. 2003), and can be treated deterministicallyrobabilistically (Reigle and
Zaniewski, 2002; FHWA, 1998a). The FHWA suggebkt the level of LCCA effort
“should be consistent with the level of investmgHWA, 1998a). For this reason,
the future costs and user costs associated witHh& will be treated
deterministically, but the discounting of thesetsagill be determined using a
stochastic approach due to the probabilistic treatrof the service life (analysis
period) and the discount rate (Figure 8.1).

Step 2: Selecting Appropriate Probability Distrilorts

The second step of a stochastic analysis is tbdfgiven data set to the “best”
theoretical probability distribution. Research dasonstrated that LCCA can be
sensitive to distribution-type selection, espegialla low-bid environment, like
transportation, where material costs do not widkely for a given quantity and would

tend to yield an asymmetric shape with a positkens like the lognormal distribution
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(Tighe, 2001). For these reasons, normality isasstimed and the initial construction
commodity costs (binder, diesel, aggregate and)alye “fitted” to the best theoretical
distribution.

Step 3: Risk Analysis

The third step of a stochastic approach is riskyens which is based on
probability theory and can be defined as a “systemge of available information to
determine how often specified events may occurtheanagnitude of their
consequences” (Pallisade, 2011). A Monte Carlakition is a probabilistic,
guantitative risk analysis method.

The Monte Carlo simulation is used in the model based on the following
output algorithm:

EUAGepr=[YP] * [ (1+)" + (1+i)'-1)] Eg. 8.1

where:

EUACppTr= EUAC probability distribution for PPT

>'P =the sum of present values of agency costs serdcosts

i = discount rate, represented as a probabilitlyibigion

n = pavement treatment service life, representedtaangular distribution

and the sum of present values of agency costs sardcosts is:
YP =ABr+ DR+ AGp + Lp+ Dy + FGp+ UCpp Eg. 8.2
where:

ABp= Expected value of asphalt binder (probabilistic)

DFp = Expected value of diesel fuel (probabilistic)
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AGp = Expected value of aggregate (probabilistic)

Lp = Expected value of labor component (probabiljstic

Dy = Deterministic value of other initial agency co&sch as equipment, traffic

control, striping)
FCo.p= Expected value of future (maintenance) costsbgindistic discount rate
and service life components, deterministic cost)
UCp.p = Expected value of user costs (probabilistic alist rate
and service life components, deterministist)

8.3 RESULTS

The simulation output should not be blindly accdpt&he pavement manager
should verify the reasonableness of output consigehe problem at hand. The results
provide much statistical information about compgitatternatives and should be
thoroughly analyzed (FHWA, 1998a). Sensitivities exposed through use of the
stochastic approach. First, deterministic reqUlédble 8.1) are compared to stochastic
results (Table 8.2). Secondly, the normality agsiion is examined to see if it would
create sensitivity in the model. Third, the EUA& ®bility is explored based on
selection of current data versus historical daastly, risk drivers of the EUAC are
considered. The simulations each lasted from4btseconds for this study. The

results of the simulations are displayed in Tabke 8
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Table 8.2 EUAC LCCA Results, Commodity-Based Stoclstic Method.

HMA EUAC ($/lane-mile)
Variable-Year Commodity Data Sets
1-Year 2-Year 5-Year

Best Fit Mean 4,743 4712 4,563
Commodity _
Distributions | St. Deviation 550 551 575

5™ percentile 3,876 3,850 3,682

95" Percentile 5,681 5,679 5,560

Max. Value 7,215 6,872 7,683
Normal Mean 4,742 4,712 4,565
Commodity | St. Deviation 557 552 580
Distributions |___ _

5" Percentile 3,844 3,823 3,632

95" Percentile 5,669 5,630 5,542

Max. Value 7,191 7,129 7,382

Deterministic EUAC versus Stochastic EUAC and hstion-Type
Sensitivities

Both the deterministic and stochastic approachpsar to yield similar results,
as does the best fit and normal distributions. &lmv, the stochastic approach yields
more information than the deterministic approadt ik crucial to the decision-making
process. Consider the following:

* The deterministic EUAC is $4,551 at the 4% and BiNput values

(Table 8.1). The limitation of the deterministi@ethod is that the analyst is

unsure of how probable this EUAC value is. Howewdren considering the

same evaluation scenario stochastically (Table 8 Bgcomes clear that the

$4,551 value falls below the 8@ercentile (mean). It falls around thé"37
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percentile, which means that there is a 63% prdibathat the actual EUAC
will exceed $4,551.

» Table 8.1 also shows the deterministic sensiti@itglysis which yields a range
of $3,759 to $5,259, based on discount rate-seflfeeput assumptions of
3%-12yr and 5%-8yr, respectively. The lowest-EUgd@nario ($3,759)
appears to correlate with th® percentile values listed in Table 8.2, meaning
the analyst should only expect that value aroundb%e time and should not
set the budget by that EUAC.

« On the other hand, the highest-EUAC scenario (85,25lower than the 95
percentile values in Table 8.2. That value woaltidround the 8% percentile
for the 1 and 2-year results. This means thaattayst could expect the actual
value to exceed $5,259 in one of five projectse Tbmpounding effect of this
type of underestimation, especially when the maxmexpected value is two-
thousand dollars greater, would have a substantdct on the budget.
Current Data versus Historical Data and Vdigt Sensitivities
Figure 8.3 shows that the 1 and 2-year commoditg dets produce similar

EUAC results. In contrast, the EUAC results base®-year commodity sample data
sets had a lower mean (EUAC) and greater standafidttbn, meaning that it contains
more variation (volatility) and may be a less teleindicator of cost effectiveness. It

follows the same pattern as the asphalt bindergarg 8.2.

156



HMA EUAC with
Multiple-Year Data
0.0008 - 1 Variable
= ]-Year Data
0.0007 - == = 2-Year Data
5-Year Data
0.0006 - Mean StDev N
4743 5499 10000
0.0005 4 4712 551.0 10000
Z 4563 574.9 10000
£ 0.0004-
-]
a
0.0003 4
0.0002 -
0.0001 -
0.0000- T T T T T T
3500 4200 4900 5600 6300 7000 7700
EUAC

Figure 8.3 HMA EUAC Stochastic Results with VaryingTimeframe Data Sets.

Risk Driver Sensitivities

The stochastic approach also provides risk queatibn based on input value
variability and its effect on the EUAC (FHWA, 19984dt does so by regression
analysis, which tracks the change in EUAC for agiehange in an input variable, as
noted by the regression coefficient. Table 8.Bldigs the sensitivity analysis results.
The “Net Change EUAC” column is simply the regreastoefficient converted to $ of
EUAC change. It can be read “for every one stashdawiation increase in the input
variable results in the net change EUAC valuewihg the analyst to quantify the
effect of variability on the final results. Forample, for every 1.2 year increase in
service life length, the EUAC decreases by arol280$ One can also ascertain from
Table 8.3 that discount rate is the parameterghatarily drives risk (causes the most
change in EUAC) in this scenario. Not surprisinghe discount rate, binder cost and

service life input variables constitute the highesiks in this study.
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Table 8.3 Commodity-Based LCCA Sensitivity AnalysisRegression.

Regression Analysis

Input Variable | St.Deviation Regression CoefficientNet Change in EUAC
Discount Rate 2.76% 0.869 478.09
Service Life 1.2yr -0.419 -230.63
Asphalt Binder $0.13 0.203 111.74
Diesel $0.008 0.015 8.38
Labor $0.006 0.011 5.84
Aggregate $0.006 0.009 5.07

Stochastic LCCA Application

A stochastic approach exposes uncertainty thatbeasoncealed when
employing the deterministic approach and thered@sts SHAs in making “strategic
long-term investment decisions under short-terngletidonstraints” on the basis of risk
(FHWA, 1998a). A pavement engineer can specificatldress and quantify the
uncertainty associated with the PPT selection @etand this will contribute to
decision validation.

To illustrate, when comparing a 1-inch HMA overkayd a 5/8-inch chip seal
(Table 8.4), the deterministic EUAC values provide “best” and “worst” case
scenarios. However, those values do not revedgribleabilities of those values actually

occurring.
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Table 8.4 Commodity-Based Stochastic LCCA for PPT #aluation.

LCCA Results
1" HMA 5/8” Chip Seal
Service Life, EUAC Service Life, EUAC
L , ($/lane-mile) | ($/lane-mile)
Deterministic Discount rate Discount rate
Low 12-YR, 3% 3,759 6-YR, 3% 3,019
Average 10-YR, 4% 4551 4-YR, 4% 4478
High 8-YR, 5% 5,259 2-YR, 5% 6,900
Probabilistic
Mean 4,742 4574
St. Deviation 557 983
5™ Percentile) 3,844 3,288
95" Percentile) 5,669 6,505
Max. Value 7,191 8,633
Net Change Net Change
in EUAC in EUAC
Regression
Analysis

The probabilistic approach provides more decisi@aking information, as listed
in Table 8.4 and explained below.
* As noted previously, the actual HMA EUAC shoulddxpected to exceed the
high value of $5,259 in one of five projects T8@ercentile). In contrast, the
actual EUAC for chip seal should be expected teeddhe high value of

$6,900 in less than 1 project in 100 (PLg®@rcentile).
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 The chip seal average EUAC is more probabl& @& centile) than the HMA
average EUAC (37 percentile).

* The low EUAC chip seal value has less than 1% goitibaof occurrence, and
reliance on this or the HMA low value may substahtiincrease budget risk.

* The regression analysis reveals that the chipis@abre sensitive to the service
life assumption than the HMA option. A given chang service life will have
4-times the impact on the chip seal EUAC versudiii® EUAC.

This information enhances a pavement managerisyaiol make and justify
decisions. Lastly, LCCA results should be coupigtth other decision-support factors
such as “risk, available budgets, and political andironmental concerns” (FHWA,
2002). The output from an LCCA should not be cdessd the answer, but merely an
indication of the cost effectiveness of alternaijeHWA, 1998a).

8.4 CONCLUSIONS

This chapter proposed a stochastic EUAC-based A.@@Gdel whose level of
effort is consistent with the level of investmentre PPT level. The research
demonstrated how deterministic EUAC (with sendiyianalysis) can provide a range
of EUAC output values comparable to those calcdlateghe stochastic approach and is
the appropriate approach when uncertainty is npéeted to alter the outcome.
However, since the inherent uncertainty in consionanaterial commodities, such as
asphalt, are known to be high, the stochastic ambrcs the better method because it
exposes LCCA sensitivities that are obscured irddterministic approach. The
research also demonstrated that considering comynaalatility enhances LCCA by

accounting for material price volatility as well ssnsitivities due to discount rate and
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analysis period selection. Lastly, the availapitif commercial software
accommodates the implementation of stochastic L@ Arontline PPT selection
decisions. It can also enhance a pavement enginaleitity to address budget issues

while mitigating risk and furnishing a rational fifisation for PPT selection decisions.
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9.0STOCHASTIC PAVEMENT PRESERVATION TREATMENT

LIFE CYCLE COST ANALYSIS ALGORITHM ®

Pittenger, D.M. and C. Ramseyer, “Stochastic PanerReeservation Treatment Life
Cycle Cost Analysis Algorithm,” submitted to theternational Journal of Pavement
Engineering
9.1 PAPER SYNOPSIS

Stochastic LCCA has been shown to provide supessults (and decision
justification) when used at the design or netweskel and is suggested for
transportation use by the Federal Highway Admiatgin when uncertainty is expected
to impact LCCA outcome. However, no project-letgalls exist to facilitate SHA
employment of the probabilistic approach. Thispteaexplores probability theory
concepts in the context of probabilistic LCCA amVelops a stochastic algorithm for
use in PPT evaluation. It adapts the continuodstarminal modes (Chapter 3) that
keep the EUAC LCCA in compliance with engineerirmgm@omic principles to the
stochastic model. The model is then demonstradedywata from PPT field trials to
show that stochastic and deterministic LCCA caerafiifferent results.
9.2 RESEARCH METHODOLOGY

If uncertainty is expected to impact LCCA resudtsichastic analysis is the
appropriate approach (FHWA, 1998a), as discussé&thapter 1. This study followed
FHWA guidance for conducting stochastic LCCA (FHWI&98a). Several steps were

considered for model construction, including whetioetreat the input values

8 The original journal paper has been reformattesiade it consistent with other published
chapters in this document.
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deterministically or probabilistically, fitting thieaitial costs and discount rate with the
appropriate distribution and developing the aldontfor risk analysis.

Step 1: Input Value Consideration

The first step in probabilistic analysis is toetetine which input values to treat
deterministically and which to treat probabilistigdbased on the uncertainty expected
of each parameter (Tighe, 2001; FHWA, 1998a). thisrstudy, the initial costs,
service life and discount rate will be treated @tobstically and the rest will be treated
deterministically. The following will constitutéhé sum of present values:

YP=PPF+Dy+FGp+UCop Eq. 9.2

where:

PPT-= Expected initial cost of PPT (probabilistic)

Dy = Deterministic value of other agency costs (sueckquipment, traffic

control, striping)

FCo.p= Expected value of future (maintenance) costsbigndistic discount

rate and service life components, deterministi¢)cos

UCp.p = Expected value of user costs (probabilistic alist rate

and service life components, deterministist).

The expected initial costs of treatments (F)Rilere probabilistically determined
from ODOT and Oklahoma Department of Central Sexwi®CS) bid tabulations for
the calendar years 2010-2011 and are consistemQiNOT survey and literature and
are listed in Table 9.1. Prices from projects wgithilar quantities and in similar

geographic locations were used so as to not insswéy skew output (Tighe, 2001).
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Table 9.1 Treatment Agency Costs Used in EUAC LCCA.

Agency Costs ($ per Square Yard)
Probabilistic Value
PPT Deterministic Value Mean (Standard Dev.)
Chip Seal 1.77 1.82 (0.07)
OGFC 3.75 3.88 (0.39)
1" HMA Mill & Inlay 4.00 3.78 (0.49)

Treatment agency costs for deterministic LCCA wetend in literature
(Stroup-Gardiner and Shatnawi, 2008; FHWA, 2005j48@0 et al. 2004) and ODOT
survey (Table 9.1). Activity timing for future nmaenance included a three-year
frequency for crack seal and 2%-of-total-area patch

Step 2: Goodness-of-Fit Tests

The second step in the stochastic process istuod goodness-of-fit tests for
the stochastic parameters determined in the tiegt sA triangular distribution is a
continuous distribution that contains user-defimallies for the minimum value, the
maximum value and the most likely value for an inpariable. It is commonly used
for variables that have limited sample data butlm@aneasonably estimated (FHWA,
1998a), which is the case for service life. In¢batinuous mode, 4-5-6 years were
used for the chip seal service life distributiomgmaeters. 8-10-12 years were used in
the OGFC and HMA distributions, consistent witedéture and ODOT survey. This

common pavement management scenario is illustratedyure 9.1.
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Anticipated

PAVEMENTTYPE ~ TREATMENT SERVICE LIFE Service Life
1 Bituminous A ODOT Standard 5/8" chip seal Trianqular (4,5,6)  Triangular (4,5,6)
2 Concrete B Open Graded Friction Course (OGFC)  Triangular (8,10,12) Trianqular (8,10,12)

C 1" Hot Mix Asphat mill & nlay (HMA) ~ Triangular (8,10,12) Triangular (3,10.12)
1.18 DISCOUNT RATE = Weibull 4.92 %

Years until next Rehabilitation/Reconstruction

Figure 9.1 Stochastic EUAC Input Screen, Continuousode.

In the continuous mode, the “Years until next Réitabon/Reconstruction” is
unknown, so that field is left blank. Thereforeg gervice life value is equal to the
anticipated service life value. The service lifgtigbution is also noted in the entry
screen as a triangular distribution and the lowstikely and high values are noted in
parentheses. For more discussion on the mechainbostinuous and terminal modes
in the EUAC model, see Chapter 3.

The terminal mode is used when the next rehataditaor reconstruction year is
known. If the next rehabilitation is expected igéars, then that value is entered into

the “Years until next Rehabilitation/Reconstructidield, as shown in Figure 9.2.
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Anticipated
PAVEMENTTYPE ~ TREATMENT SERVICE LIFE Senvice Life
1 Bituminous A 0DOT Standard 5/8" chip seal Triangular (4,5,6)  Triangular (4,5,5)
2 Concrete B Open Graded Friction Course (OGFC) ~ Triangular (8,10,12) 5
C 1" Hot Mix Asphatt mill & infay (HMA) Triangular (8,10,12) 5
1.18 DISCOUNT RATE = Weibull 4.92 %
Years until next Rehabilitation/Reconstruction 5

Figure 9.2 Stochastic EUAC Input Screen, Terminal Mde.

Based upon the rehabilitation year (RY), the teahmode automatically
truncates the service life values of the alterratito provide the anticipated service life
(ASL). Both the HMA and OGFC service lives arentated because the low value of
their triangular distributions is 8, which is grelathan RY, so their EUACs will be
figured deterministically with an ASL of 5 year$he chip seal service life will also be
truncated at 5 years; however, the 5-year valug fathin its distribution, so it will be
treated probabilistically. For the triangular distitions, if:

RY < SlLw, then ASL = RY (deterministic);

RY > SLowand RY< SLyigh, then ASL = RY as triangular max value

(probabilistic);

RY > SLyigh, then ASL = SL (probabilistic).

The chip seal’s terminal service life distributiaril have parameters of 4-5-5, instead

of its continuous distribution of 4-5-6, as showrFgure 9.3.

166



Figure 9.3 Chip Seal Service Life Probability Distibutions, Continuous (left) and
Terminal (right) Modes.

The future maintenance costs and user costs teendristic values in the
analyses, but are discounted probabilisticallyhst the discounting period and discount
rate are consistent within each iteration. Thislgtused the previous 30 years of
discount rate data from the Federal Reserve (2@ks}, fitted to the Weibull
distribution (1: 4.92, sd: 2.76). Next, initial PPT costs weresidered. The best fit for
the OGFC bid tabulation data is the normal theca¢tistribution, which has a chi-
squared?) value of 5.94, followed by the extreme value ritisttion (*=11.71)

(Table 9.2).
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Table 9.2 Goodness-of-Fit for PPTs.

Bid Tabulation Data Fit ($/Square Yard)

# of Data| Distribution | Chi-Square Standard

PPT Points Type Value Mean | Deviation

Chip Seal - Normal 7.60 1.817 0.0704
Extreme Value 5.20 1.812 0.0799

OGFC 36 Normal 5.94 3.88 0.391
Extreme Value 11.71 3.88 0.391

1" HMA Mill & Inlay 222 Normal 9.51 3.78 0.49

Gamma 15.7 3.78 0.49

The extreme value distribution was also the bés$ofichip seal, while the
gamma distribution best described the HMA dataallicases, thg’values are
minimal, meaning the theoretical distributions elgsapproximate the data. In
addition, the best fit distributions returned theng (similar) means and standard
deviations as the normal distributions, consistétit the central limit theorem that
states dataormalizeswith increasing number of data points (Montgom&g09).
Therefore, the EUACSs yielded from the normal dsition of bid tabulations is
sufficient and will be used in this chapter.

Step 3: Risk Analysis

The third step of stochastic analysis involvek asalysis. The algorithm
developed for Monte Carlo simulation is based ujpenEUAC equation and is
illustrated in Figure 9.4. It incorporates thetspservice life and discounting methods
discussed in the previous two steps to producedhwling distribution that provides

the expected EUAC for each alternative being carsidl
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Figure 9.4 Stochastic EUAC LCCA Approach. (Adaptedrom FHWA, 1998a)

9.3 RESULTS

The model in continuous mode returns EUAC distring for the three
alternatives, as shown in Figure 9.5. The curhesvghat the chip seal and OGFC
have similar variability, which is less than the AMAdditionally, the chip seal has a
lower life cycle cost, as demonstrated by its cubgmg to the left of the other two

alternatives.
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Figure 9.5 PPTs Stochastic EUAC Probability Distrilutions.

Numeric values associated with these distributamesshown in Table 9.3 and Figure
9.6. Based on these values, it would appear thiptseal would be the most cost
effective option in this specific case.

Table 9.3 Stochastic EUAC Results, Continuous Mode.

EUAC ($/lane-mile), Stochastic Method (Continuousdd)
Chip Seal OGFC HMA
Mean 3,738 4,546 4,410
Standard Deviation 414 426 758
5" Percentile 3,095 3,856 3,254
95" Percentile 4,452 5,275 5,726

Stochastic analysis offers a wealth of decisiagisting information, such as
percentile statistics. Percentiles can providepdneement manager relative
probabilities associated with each pavement treaitisléernative being considered. For

example, the mean EUAC of HMA ($4,410) falls arotinel 93" percentile of the chip
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seal EUAC range, as shown in Figure 9.6. This mdaat the central tendency, or
bulk, of possible HMA EUACs would be higher thae #xpected chip seal EUAC

95% of the time.

Summary Statistics for Chip Seal Summary Statistics for HMA

Statistics Percentile Statistics Percentile
Minimum 2,606 5%|3,095 Minimum 1,924 5%|3,254
Maximum 5,431 10%|3,222 Maximum 7,939 10%|3,4964
Mean 3,738 15%|3,304 Mean 4,410 15%|3,623
Std Dev 414 20%|3,376 Std Dev 758 20% 3,757
Variance 171617.8488 25%|3,437 Variance 574870.2127 25%|3,868
Skewness 0.289525027 30%|3,497 Skewness 0.362967951 30%|3,978
Kurtosis 2.862029568 35%|3,553 Kurtosis 3.110268508 35%| 4,080
Median 3,710 40% (3,609 Median 4,365 40% 4,165
Mode 3,707 45%|3,662 Mode 4,141 45%|4,262
Left X 3,085 50%|3,710 Left X 3,254 50%| 4,365
LeftP 556 55%|3,767 Left P 5% 55% | 4,465
Right X 4,452 60%|2,823 Right X 5,726 60% 4,567
Right P 955 65%|2,882 Right P 95% 65% | 2,666
Diff X 1,357 70% 3,346 Diff X 2,471 70% (4,775
Diff P 9056 75%|4,013 Diff P S0% 75% 4,901
#Errors o 80%|4,092 #Errors o 80% 5,037
Filter Min Off 85%|4,178 Filter Min Off 85%|5,200
Filter Max Off 90%|4,293 Filter Max Off 90% 5,405
#Filtered o 95%]4,452 #Filtered 0 95%|5,726

Figure 9.6 Summary Statistics for Hot Mix Asphalt BJAC Distribution.

However, the HMA EUAC range does reach the lower @rthe chip seal range. The
summary statistics reveal that the chip seal mé&38,d38 lies around the 90
percentile of the HMA range, so HMA should be expddo be less than the mean
value of chip seal 20% of the time.

For detail about deterministic calculations, séagier 4 Methodology and
Results sections. The deterministic EUAC valuessarbsequent rank for HMA,
OGFC and chip seal were $4,696 (3), $4,460 (2)&0651 (1), respectively. If the
pavement manager was only considering the HMA a@&QO options, then the
stochastic and deterministic outcomes would becgfit because the stochastic results
show HMA having the lower LCC, based on actualtblzlilations. When considering

the deterministic and stochastic HMA values, tloelsastic analysis reveals that the
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EUAC should not be expected to exceed $4,696 70&teatfime, while the chip seal is
at 45% probability.

The stochastic approach also offers a comprehessinsitivity analysis based
on regression. The sensitivity analysis reveals tiie chip seal is most sensitive to the
service life parameter, the OGFC is most sensitwdiscount rate and the HMA is
most sensitive to the agency cost parameter, agrsimoTable 9.4. The pavement
manager may take the following into consideratibohip seal was not expected to
realize its’ full service life due to traffic condins, the pavement manager may select
the HMA treatment, which is not as sensitive topgaeameter. However, if commodity
volatility (agency costs) were expected to increise chip seal may be the better
option because it is less sensitive to the costrpater than HMA. Although both
treatments contain the same volatile commodityl{akspinder), the sensitivities reflect
the different methods of procurement. The HMA axyerosts are based upon monthly
ODOT bid prices, whereas the chip seal is based S bid prices that are “locked-
in” for some time period. The stochastic analydfers this type of critical information

that the deterministic analysis cannot.

172



€LT

Sensitivity Analysis

Discount Rate Service Life Cost
Net
Standard Change in| Standard Net Standard Net
Deviation | Regression| EUAC Deviation | Regression| Change in| Deviation | Regression| Change in
PPT (%) Coefficient (%) (Years) | Coefficient| EUAC ($) %) Coefficient| EUAC (%)
Chip Seal 2.76 0.688 285.21 0.410 -0.657 -272.06 | 0.07/SY 0.277 114.61
OGFC 2.76 0.808 601.11 0.816 -0.313 -233.14 | 9.30/ton 0.484 360.30
1" HMA Mill & Inlay 2.76 0.771 584.55 0.816 -0.302 -228.77 | 8.37/ton 0.558 422.98
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The model in terminal mode returns the EUAC disttions as shown in Table
9.5. The OGFC and HMA values are substantialljp@rghan the values returned in
the continuous mode (Table 9.3), and the chip@edHMA EUAC distribution curves

do not overlap, except for the extreme (tail) valtieat have little associated

probability.
Table 9.5 Stochastic EUAC Results, Terminal Mode.
EUAC ($/lane-mile), Stochastic Method (Terminal Mdd
Chip Seal OGFC HMA

Mean 3,962 7,191 7,015
Standard Deviation 362 827 942
5" Percentile 3,399 5,898 5,540
95" Percentile 4,580 8,622 8,627

In the continuous mode example, the decision weoeddire pavement manager
judgment, facilitated by percentiles and sensitiamalysis, to justify a decision due to
the overlapping EUAC distributions. In the termicake, the chip seal appears to be the
best option.

The stochastic results reveal that the impactwhinal mode on the chip seal
probability associated with the $3,651 (determiaiElUAC) dropped from 45% to
20%, meaning the chip seal is 25% more likely tceexi that value. There is a greater
than 95% chance that HMA will exceed its deterntiaigalue. This demonstrates the
impact of the rehabilitation year on service lifelgustifies the inclusion of the terminal
mode in the EUAC model for upholding engineeringreamic principles (White et al.

2010). For validation of the stochastic EUAC modek Chapter 11.
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9.4 CONCLUSIONS

Stochastic EUAC for PPTs adheres to engineering@uic principles with the
inclusion of the continuous and terminal modesftv&oe can facilitate the risk
analysis, making it a practical tool at the implemagion level. The stochastic approach
can reveal sensitivities that the deterministic el@nceals, and is therefore
recommended when uncertainty is expected to imMpaciA results to allow pavement

managers to understand and mitigate budget risk.
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10.0A COMPARATIVE ANALYSIS OF EUAC LCCA METHODS:

A PAVEMENT PRESERVATION TREATMENT CASE STUDY °

Pittenger, D.M. and D.D. Gransberg, “A Comparati&ealysis of EUAC LCCA
Methods: A Pavement Preservation Treatment Casky3tsubmitted to thdournal of
Construction Management and Economics.

10.1 PAPER SYNOPSIS

This chapter is the culmination of the main cotsqpesented in the dissertation. All
of the EUAC LCCA methods are compared and demamestiasing pavement preservation

field tests.This chapter shows that LCCA results are sensiaueCCA method
selection on all levels as demonstrated througlusieeof deterministic-based,
stochastic-based and performance-based methodkso Ilemonstrates the value of
including performance-based service life input ealult concludes that the pavement
manager should consider the LCCA method selectioogss when evaluating PPTs.
10.2 BACKGROUND AND MOTIVATION

It costssignificantlymore to fix a pavement in poor condition thandes to
maintain one in fair condition (Stroup-Gardiner &tthtnawi, 2008; TRIP, 2001,
AASHTO, 2001) because it “requires extensive amsdughtive work” (FHWA, 1998).
The result is “a gradual decline in the number désan agency could treat each year
and a decrease in the overall condition of the pere network” (Peshkin, et al. 2004),
as well as an increase in the “potential for aatigle@njuries and fatalities among the

motorists and road workers” (FHWA, 1998).

° The original journal paper has been reformattesiadée it consistent with other published
chapters in this document.
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The implementation of pavement preservation peastis expected to address
these challenges (FHWA, 1998). Pavement preservas the key to finding the most
effective and cost-efficient balance of preservirfgghway assets in [today’s]
environment” (FHWA, 2007a)lt aims to “keep good roads good” (Galehouse €2G03)
specifically to get the “most benefit for the leasst” (FHWA et al. 2008) “as the
public and policy makers demand better managenfesdance resources in the long
run” (Ozbay et al. 2004). The value of pavemeansprvation lies in its cost
effectiveness.“Considering the annual magnitude of highway inwesits, the
potential savings from following a cost-effectiygpaoach to meeting an agency’s
performance objectives for pavements are signifig@eshkin, et al. 2004), thus,
allowing agencies to stretch the budget to addsestinability needs in infrastructure
and enhance stewardship.

LCCA is a powerful tool that can be used to demastcost-effectiveness and
identify return on investment (FHWA, 2009; FHWA,98) to justify pavement
preservation. According to various synthesesgtieeno consensus on how highway
agencies determine the cost-effectiveness of pavepneservation treatment
alternatives for a specific project at this timelgBet al. 2009; Monsere et al. 2009;
Cambridge et al. 2005). “The emphasis upon econcnst analysis principles is
recent, so models, methods, and tools to constnetanalyze economic tradeoffs are
still being developed” (FHWA, 2007a).

Three methods that could be used to assess PP&ffadiveness include
deterministic-based, stochastic-based and perfareabased LCCA. Traditionally,

deterministic and stochastic methods have beemmaemded for use at the network-
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level of transportation and they rely on assumgstifmn service life input (FHWA,
1998a; FHWA, 2004).

A deterministic-based LCCA is less complex thangtochastic-based LCCA
and can be adequate, and therefore appropriate, witertainty is not expected to
have a material effect on the outcome of the ecanamalysis (FHWA, 2003)The
deterministic-based LCCA accepts only one valyaofat estimate) for PPT service life
(FHWA, 1998a).

If uncertainty could materially alter the outcortiee stochastic approach is
recommended because the deterministic approaclotcefiactively analyze
simultaneous variability (FHWA, 2003). The stodi@mapproach can handle all
possible service life values; however, servicedif¢a is limited (Gransberg et al. 2009;
Riegle and Zaniewski, 2002; FHWA, 1998a). A trialag distribution, characterized
by its three values of “minimum value”, “most likelalue” and “maximum value”, is
suggested proper for use when limited data exigtsdn be reasonably assumed, and is
used for service life input (FHWA, 1998a).

The performance-based LCCA is a relatively newcephthat can be used to
assess PPTsconomic efficiencthat derivesost as a function of service life (Pittenger
et al. 2011, Bilal et al. 2009; Reigle and Zaniew8K02) where the service life value is
based upomactual performance data rather than assumption. Incatimgy performance
data into analyses may contribute to determiniegoghtimal preservation timing
(Peshkin et al. 2004) so that a pavement managenstall the “right treatment to the
right road at the right time” (Galehouse et al. 200Data in the form of microtexture

and macrotexture is extrapolated to estimate sehfieduration on the basis of

localizedperformance (Pittenger et al. 2011). (For moseulsion on performance-
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based service life input, see Chapters 4 andThg model accepts the performance-
based service life value in deterministic form (ga@stimate) or stochastic form
(triangular distribution).

This study presents a comparative analysis oftttez types of LCCA methods
based upon service life input treatmendletermine if LCCA is sensitive to method

selection.

10.3 RESEARCH METHODOLOGY

Various LCCA methods were conducted on three P& fests for
comparison. The field test sections are listeGhapter 2 and include the 1” inch HMA
mill and inlay, the open graded friction course I3 and the 5/8” chip seal. The
HMA section was constructed by contract forcesgisim Oklahoma DOT mix design
classification of S4 PG (64-22 OK) which is a stamidhot mix asphalt normally used
in maintenance applications. The existing surfaas milled to a depth of 1 inch and
the HMA was then laid in the void. The OGFC wadatied by a contractor following
the ODOT standard specifications. The ODOT 5/8pdeal has NMAS of 5/8 inch
(16mm) and uses Cationic High Float Rapid Set fo2Fhe asphalt emulsion binder.
10.4 RESULTS

Deterministic LCCA vs. Stochastic LCCA

Deterministic and stochastic LCCA results were gateel based upon the
methodology described in Chapters 4 and 9. Thénastic EUAC LCCA Results are in
Chapter 9, Table 9.3. The deterministic LCCA wasduated for three scenarios that a
pavement manager might consider: the worst casesgoethe most likely scenario and

best case scenario. These scenarios are based twotmost sensitive LCCA
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parameters: service life and discount rate. ThAEbr each treatment is in Table

10.1.
Table 10.1 Deterministic LCCA Results.
EUAC ($/lane-mile), Deterministic Method with Setingty Analysis
3% 4% 5%
EUAC EUAC EUAC
PPT (Service Life) (Service Life) (Service Life)
Chip Seal $3,019 (6 YR) $3,651 (5 YR) $4,557 (YR
OGFC $3,771 (12 YR) $4,460 (10 YR) $5,117 (8 YR)
1" HMA Mill & Inlay $3,963 (12 YR) $4,696 (10 YR) 5413 (8 YR)

The deterministic and stochastic methods provitferént results. The most
likely scenario value for chip seal has only 43%kb@bility, whereas the HMA has a
70% probability, as shown in Table 10.2.

Table 10.2 Deterministic and Stochastic EUAC Compason.

EUAC ($/lane-mile), Deterministic EUAC with Correspding Probability
Deterministic Deterministic Deterministic
Best Case Most Likely Case Worst Case
PPT EUAC (Probability) | EUAC (Probability) | EUAC (Probability)
Chip Seal $3,019 (<5%) $3,651 (43%) $4,557 (95%
OGFC $3,771 (21%) $4,460 (56%) $5,117 (82%)
1" HMA Mill & Inlay $3,963 (28%) $4,696 (70%) $5,81(91%)

The best case scenario EUAC is not a likely caseHip seal and is only
expected to occur less than 5% of the time, butaiwveHMA value should be expected
to occur in 1 of 4 projects. However, the worstecahip seal EUAC is still less than
the most likely case for HMA, which would providgpavement manager justification

for choosing chip seal on the basis of LCC in ghiample.
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Stochastic LCCA: Deterministic v. Probabilistic &tenent of Service Life

Expected service life values for each of the tresttsiwas determined from

extrapolated macrotexture and microtexture data fiield trials through linear

regression using the same methodology describ€hapter 4 and are shown in

Table 10.3.
Table 10.3 Performance-Based Service Life ValuesrfBPT Field Tests.
Performance-Based Service Life Values (in Years)
PPT Macrotexture Microtexture Triangular
Chip Seal 3YR 9.1 3-5-9.1
OGFC >12 >12 YR 10-12-12
1" HMA Mill & Inlay >12 YR N/A 10-12-12

The service life parameter was treated determaailtyi and probabilistically for
each of the performance measures for comparatagss, as noted in Figure 10.1.
Probabilistic modeling of service life based uparnstexture and macrotexture
measurements was accomplished with the trianguganlition. The third value (5 for

chip seal, 10 for OGFC/HMA) is consistent with OD@Xpected values.
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Figure 10.1 Performance-Based Triangular Service If¢ Distributions.

The Monte Carlo simulation was set to “fixed” maethat it would run the

same iterations run for the stochastic EUAC valaoeBable 9.3, so that differences can

only be attributed to the change in service lieatment.

Table 10.4 Performance-Based Stochastic EUAC Ressllt

EUAC ($/lane-mile), Stochastic-Method, PerformaBesed

Deterministic Probabilistic
u (SD) u (SD) u (SD)
(Macrotexture) (Microtexture) (Triangular)
Chip Seal $5,340 (282) $2,712 (245) $3,466 (774)
OGFC $3,904 (688) $3,904 (688) $4,105 (710)
Ilr:I:yMA Mill & N/A $3,839 (706) $4,009 (727)

Performance-based service life values are list@tbile 10.4, along with

corresponding EUACs. The different EUACs demonstt&CCA sensitivity to

deterministic and probabilistic treatment of seeviife input.
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Stochastic LCCA: Empirical vs. Performance-Baseealment of Probabilistic
Service Life

The chip seal stochastic EUAC value based upoertin@rical 4-5-6 service life
distribution was $3,738 (std. dev: $414), as nateBiable 9.3 in Chapter 9. When
compared to the EUAC using the performance-based 3- service life distribution
($3,466, sd: $774; Table 10.4), it is apparent thatL CCA is sensitive to the service
life parameter, as noted by the different EUAC ealuThe performance-based EUAC
exhibits greater variability due to the wider ramg@ossible service life values.

Service Life Treatment Method Impact on LCCA

Figure 10.2 shows distributions based upon the $euwrice life assumptions for
stochastic analyses listed in Tables 9.3 and 1(1)4-5-6 empirical service life, shown
by the blue distribution, (2) 3-5-9 performancedshservice life, shown by the green
distribution, (3) 3-year performance-based (maatote) deterministic service life,
shown by the purple distribution and (4) 9.1-year performance-based (microtexture)

deterministic service life, shown by the red dizition.

Chip Seal EUAC,
Various Service Life Methods
1,809 2,746
[ 5.0% 5.0% |
0.0016 0% 100.0% |
= Performance - MACRO
- Performance - MICRO
D.0014
- Performance—‘
0.0012 - Empirical
0.0010
5K Student Version
0.0008 2 2
demic Use Only
0.0006
0.0004
0.0002
0.0000
g g g =
= = = = b=

Figure 10.2 Impact of Service Life Method on Chigseal EUAC.
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The deterministic performance methods put theiligions on far ends of the chip seal
EUAC spectrum, while the triangular (stochastictabutions cover the middle
portion. Also, the stochastic treatments (greenldoe) differ from each other. This
illustrates the deterministic-treatment effect, sk&chastic-treatment effect and the
performance-based treatment effect on the serieaput parameter, and
subsequently the LCCA output.

LCCA Sensitivity to LCCA Selection Method

Chip seal deterministic EUACs (Table 10.1) and granfance-based EUACs
(deterministic treatment, Table 10.4) are chartethe empirically-based stochastic

EUACSs (Table 9.3) cumulative curve for chip sealFigure 10.3.

Chlp Seal x Determinisic-LOW
3,098 4,452 X Determinisic-LIKELY
Determinisic-HIGH
Lol . Performance-MICRO
0 Performance-MACERO
0.8 4
— O Sedl
0.6 - . : :
@R ISK Student Version Macmn 260575
f . Maosmoen 5 65
— For Acadlemic Use Only Mean 3,737.76
’ Ld Derw 41427
Values 10000
0.2 4
0.0 .
= = = = = = =
L= =g f=—J = — = f=—J
& = (o S & =1 (51
~a (aa) (aa] b - un ()

Figure 10.3 Deterministic and Performance-Based ChiSeal EUACs on
Stochastic Empirical-Service-Life Cumulative Curve.

Although empirical and performance-based stoch&&ICA both result in chip

seal being the preferred alternative (Table 1@k®) performance-based mean EUAC
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values do not fall within the 90% probability rangfethe empirical LCCA. This shows
that although the ranking is the same and it mathbenost cost effective choice, the
output is different and empirical LCCA may miss thelgetary mark (Bilal et al. 2010,
Reigle and Zaniewski, 2002).

LCCA results in rankings that order alternativestoe basis of cost
effectiveness. This study has shown that LCCAltesue sensitive to LCCA method,
as shown in Table 10.5 by the different rankingseldeonly on LCCA method selection.

Table 10.5 LCCA Sensitivity to LCCA Selection.
EUAC Rankings, Various LCCA Methods

Performance Based
(TABLE 10.4)

Deterministic Stochasti¢

Stochastic,
Deterministic Empirical

(TABLE 10.1) | (TABLE 9.2) | MACRO | MICRO
Chip Seal 1 1 2 1
OGFC 2 3 1 3 3
1" HMA Mill & 3 5 N/A 5 5
Inlay

(1 — Lowest EUAC; 3 — Highest EUAC)

The analysis reveals that chip seal would be tbtepred alternative in all of the
LCCA methods except for the deterministic perforoebased (macrotexture) LCCA.
If only the OGFC and HMA were being considere@gpears that the HMA would be
the preferred alternative in all but the deterntioisCCA case. The assumed cost for
OGFC is less than HMA, shown by its better deterstimanalysis ranking. However,
in the rest of the analyses which use actual lidlédions, the HMA is better
positioned, showing the superiority of using st@tltamethods. The different rankings

for alternatives based upon deterministic-basethsistic-based and performance-
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based methods reveal the sensitivity of LCCA to IXd@ethod selection and
demonstrate the need for consideration.

Lastly, the simulation output should not be blindtcepted. The pavement
manager should check the output to see if it isorable considering the problem at
hand. The results provide much statistical infdramaabout competing alternatives and
should be thoroughly analyzed (FHWA, 1998a).

10.4 CONCLUSIONS

This study showed that LCCA results are sensitMe@CA methods on all
levels, as demonstrated through the use of detesticibbased, stochastic-based and
performance-based methods. On the global levehatved that the deterministic and
stochastic LCCA produce different results. Onrbgt level, it showed that even
within the stochastic LCCA analysis, deterministicd stochastic treatment of service
life produces different results. On the local leiteshowed that stochastic treatment of
service life based upon empirical and performarasel treatment produced different
results. Therefore, the pavement manager shoulsiader the LCCA method selection
process when evaluating PPTs so as not to inadwigrekew output results. Stochastic

EUAC provides another brick in the justificatiorr fsavement preservation.
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11.0RESEARCH VALIDATION

This research was validated internally, externatig through construct. The
validation methods are discussed in each of tHeviahg sections.
11.1 INTERNAL VALIDITY

The deterministic and probabilistic EUAC modelsgmsed in this research
were internally validated in a number of ways (Batle, 2011; FHWA, 2001). First,
model calculations were manually verified by cadtaf (Pallisade, 2011; FHWA,
2001). Secondly, the same input values were ahtete the FHWARealCosModel
and the EUAC models to verify that both yielded shene preferred alternatives.
Lastly, the stochastic EUAC model was checked fare (Pallisade, 2011).

Manual Verification of EUAC Models

For the deterministic EUAC model, output of $4,6@s verified by calculator
for the 1” HMA treatment in Chapter 4 using the ECAquation when the agency and
user costs total is $38,092, service life is 10yead discount rate is 4%. The
stochastic EUAC model can be validated using tiheesamethod and equation used for
the deterministic model validation by selectingatens of the simulation (Pallisade,

2011; FHWA, 2001), like 1-7 of 10,000 iteration®wam in Figure 11.1.
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Name HMA HMA lane mile Discount Rate Service Life

Description Output RiskNormal(26524.5,32 RiskWeibull(2.7844,7.9 RiskTriang(8,10,12,Risd
Iteration / Cell QUTPUTISAS] HMA 2011 2010 bestfit DRISCS2 SLISCS3

1 3,596 23691.15109 2.923750825 10.15116055

2 2,755 21144.30953 1.846986374 11.65521683

3 3,634 24026.42341 2.852087597 10.11251258

4 3,856 29778.02101 3.191815184 11.74671268

5 3,209 23447.2997 0.62317219 9.979501862

6 4,250 30965.99619 2.973615906 10.70352311

7 3,976 27437.01365 2.775385248 10.21524235

Figure 11.1 EUAC Simulation Output.

For example, iteration 1 was calculated based apb®. 15 year service life
using a 2.92 value for discount rate and $23,69fthfA &gency costs. Future
maintenance costs of $3,049 are expected to otgeass 3, 6 and 9, with the
discounted values being $2,797, $2,566 and $2 &§3ectively. Manually calculating
the EUAC based on these values returns the ougué Visted in iteration 1 (less
rounding error), thus, manually validating the si@stic EUAC model.

As stated in Chapter 1, there are no models dlaifar comparing alternatives
on the basis of probabilistic EUAC. The only regdilailable model is the FHWA
RealCostModel, so that was used to validate the proposedkis®mutput. However,
RealCostdoes not provide a probabilistic EUAC for companisso the output from the
stochastic EUAC model was converted to NPV-forngiFe 11.2) to serve as a basis
for the next phase of internal validation foundhe next paragraph that compares
overall probabilistic results. After the conversi@a few iterations were selected to

manually verify the model, as shown in Figure 11.2.
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Name HMA HMA lane mile DiscountRate  Service Life
Description Output RiskNormal(26524.5,3297.9,Risl RiskTriang(3,4,5,Ri RiskTriang(8,10,12,Ri|
Iteration / Cell OUTPUTISAS1 HMA DRI$BS2 SLISCS3

1 33,681 26412.61157 3.984938879 10.97446557

2 30,937 25855.97113 4.183453285 8.454872024

3 34,737 27291.20003 3.551717251 9.963283795

4 31,411 24144.18535 3.989614245 10.83756953

5 33,662 26406.00466 4.015676033 11.10243325

6 30,262 22835.22654 3.597854793 10.24587626

7 36,290 28829.46561 3.516929192 9.798773843

Figure 11.2 EUAC Model Output Converted to NPV-Form

Iteration 1 was calculated with a service lifeueabf 10.97 years. Future
maintenance costs are calculated to occur eveeaBsyso 3 costs should be calculated
given the service life. Using the PV equation tecdunt future costs (PV = FV *
(1/(1+)"n)), the $3,049 expected to occur at y&ar $2,711.73 based on the 3.98
discount rate in iteration 1. PV of $3,049 expecteyear 6 is $2,411.76, and year 9 is
$2,144.98. These future costs are added to tlsepreost of $26,412.61 to get a NPV
of $33,681, verified by the HMA output column. FRearation 2, only include the
$3,049 maintenance cost for year 3 ($2,696.26)yaad 6 (2,384.32) for the less-than-
nine-year service life at a discount rate of 4d.8dt an NPV of 30,937. Convergence
occurred at 650 iterations with final error of %5

EUAC Models Provide Same Rankings

NPV and EUAC (continuous mode) models should retiienrsame ranking
(White et al. 2010), which is demonstrated in Chep8 and 4 (Figure 3.8, Tables 4.3

and 4.4).
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Stochastic EUAC Model Error Check

Lastly, the stochastic EUAC model was checkecdefaors (Pallisade, 2011).
First, the correlation feature was checked forrdosoverifying that the random values
were consistent for the correlated items of asgdiatter (1=1.25, sd= 0.13; in $/SY)
and diesel fuely(=0.063, sd=0.008; in $/SY), since both are refimagducts and their
prices rise and fall together. In Figure 11.3aten 1 contains a $1.14 value for
asphalt binder pulled on the lower end of its dsiiion and a $0.05 value for diesel

fuel pulled from the low end of its distributiomaso on.

Name HMA EUAC Asphalt Binder Diesel

Iteration / Cell OUTPUTISA 12mo bestfit!SBS. 12mo bestfit!SB
e 4,589 1.148951343 0.052910649

2 4,964 1.272731799 0.069926801

3 5,049 1.435293165 0.065211763

Figure 11.3 Correlation Error Check in StochasticModel.

Next, the simulation setting for initial seed sgjtwas changed from “choose
randomly” to “fixed” so that the simulation wouldrr the same iterations and produce
the exact same output (Pallisade, 2011). If thdehm the “fixed” setting returns
different output with each new simulation, thigrsindication of model error. The
stochastic EUAC model returned same results fordifferent simulations and it was
concluded that the model was free from simulatioare
11.2 EXTERNAL VALIDITY

The following study was used to externally valeldte EUAC PPT LCCA
deterministic and stochastic models: “Evaluate TADChip Seal Binder Performance

Using Pavement Management Information System agld Measurement Data San
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Antonio District,” (Gransberg, 2008; Gransberg, 200Twelve Farm-to-Market roads
in the TXDOT San Antonio district served as testisas and were comprised of six hot
applied and six emulsion chip seals sections. Magtore measurements using the
Transit New Zealand (TNZ) T/3 Sand Circle test désd in Chapters 2 and 6 were
gathered over a three-year period commencing iB.200eatment costs were also
gathered for comparing the two chip seal typeQ&#RY (average) for the hot applied
and $0.82/SY for the emulsion. The study found tha emulsion chip seal was more
cost effective than the hot applied chip sealgHertest section roads on a cost-index
basis.

To validate the EUAC PPT models proposed in thsearch, the macrotexture
and cost data resulting from the test sections yweyeessed using the same
methodology described in Chapter 4. LCCA calcalsiwere made via EUAC models
to determine if the research models yielded theesamaferred alternative reported in
the study.

The methodology for developing deterioration medelapproximate service
life based upon MTD values is described in ChapteMTD values were interpolated
between the months in which measurements were @ladate 11.1), then extrapolated
beyond December 2007 to estimate service life. hihepplied chip seals {R
0.8936) were only expected to have 75% of the serifie expected of the emulsion
chip seal (R=0.8521), which were 3 and 4 years, respectivBlgcause the emulsion
chip seal has the longer service life and lowdrahcost, the models should result in

the emulsion having the lower LCC, consistent il study.
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Table 11.1 Average MTD values for test sections.

Average MTD for Chip Seal Sections (mm)

Testing Date Emulsion Hot Applied
June 2005 3.35 3.36
August 2005 3.12 291
December 2005 3.46 2.97
March 2006 3.14 2.84
May 2006 2.79 2.16
July 2006 2.41 1.69
November 2006 2.27 1.61
February 2007 2.26 1.55
May 2007 2.17 1.49
September 2007 1.98 1.45
December 2007 1.90 1.36

The service life value for each alternative wasrt into the probabilistic

model as a deterministic value to produce condisesults for the purpose of

validating the model. The San Antonio cost data wrtered, keeping the means

consistent with the average values provided bythdy. Table 11.2 shows that the

output from both deterministic and stochastic EUAGdels was similar, and both

show the same preferred alternative of emulsiop sbal on the basis of LCC,

externally validating both models.

Table 11.2 External Validation Model Results.

Model EUAC ($/lane-mile)

Probabilistic
PPT Deterministic u, (SD)
Emulsion Chip Seal 1,590 1,589 (39)
Hot Applied Chip Seal 2,334 2,337 (42)

11.3 CONSTRUCT VALIDITY

Assertions made by this research are supporteitidogtlre, as listed. Main

assertions are listed with corresponding citatiariBable 11.3.
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Table 11.3 Construct Validity.

Research Assertion Literature Citation
Assertion

#

1 Stochastic LCCA does produce a different result (Pallisade,2011)

than deterministic LCCA

(Gransberg and Kelly,2008
(Tighe, 2001)
(FHWA, 1998a)

2 Pavement preservation requires economig (Peshkin et al. 2004)
analysis for demonstration of return on (Galehouse et al. 2003)
investment due to its’ proactive nature

3 NPV LCCA methods are not consistent with the(FHWA 2009, 2007, 2005,

level of PPT investment due to associated 2003, 1999)
complexity and training requirements and (Bilal et al. 2009)
therefore, they are not commonly used (Hall et al. 2009)
(Monsere et al. 2009)
(Reigle and Zaniewski, 2002
4 LCCA demand is growing and SHAs are (Bilal et al. 2009)
currently looking for LCCA tools to assess cast (Hall et al. 2009)
effectiveness of implementation-level projects  (Monsere et al. 2009)
and currently, no common tools exist (FHWA, 2007)
Ozbay et al. 2004)
5 LCCA based upon EUAC is appropriate for PPT (Gransberg and
evaluation because of the short, unequal seryice Scheepbouwer, 2010)
lives (Bilal et al. 2009)
(Sinha and Labi, 2007)
6 Deterministic and stochastic LCCA can be (FHWA 2004, 1998a)
appropriately and practically applied to PPT|
evaluations, based upon level of uncertainty and
easily facilitated by software
7 EUAC algorithms are based upon engineering (White et al. 2010)
economic equations (Lomax, 2007)

8 EUAC methodology is based upon standard  (FHWA 2001, 1998a)
transportation LCCA “Good Practices”

9 EUAC does not arbitrarily truncate service life Leg, 2002)

10 The continuous and terminal modes in the (White et al. 2010)

EUAC model are required to uphold engineerjng (Lee, 2002)
economic principles

11 EUAC continuous mode is required to reflect the (Lee, 2002)

continuous nature of a pavement segment
although the pavement treatment is finite

12 EUAC LCCA can produce the same rankings (White et al. 2010)
(preferred alternative) as NPV LCCA (FHWA, 1998a)

13 Residual value/salvage value is not appropriate (Gransberg and

(unless reasonably quantified) in LCCA and Scheepbouwer, 2010)
user cost inclusion is appropriate (Bilal et al. 2009)
(Lee, 2002)
14 Stochastic EUAC LCCA should ugeodness- (Tighe, 2001)

of-fit tests, check the normality

(FHWA, 1998a)

assumption (central limit theorem) and can use
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the triangular distribution for service life and
discount rate

15 LCCA does not providine answer (FHWA, 1998a)
(Clemen, 1996)
16 Underlying commaodity volatility can be (Wang et al. 2009)
modeled and incorporated in stochastic EUAC(Gransberg and Kelly, 2008
LCCA
17 Pavement treatment performance can be (Bilal et al. 2009)
modeled and serve as service life input in| (Reigle and Zaniewski, 2002
economic analysis
18 Pavement preservation and conducting LCGA  (Muench et al. 2010)
are activities that promote sustainability (Galehouse et al. 2003)
(FHWA, 1998a)
19 LCCA methods must be determined by eagh (Hall et al. 2003)
state based on complexity, local data availability (Peshkin et al. 2004)
and needs
20 LCCA results should be coupled with treatment (Bilal et al, 2009)
effectiveness to assessonomic efficiency | (Reigle and Zaniewski, 2002
21 LCCA should be adapted to the specific (White et al. 2010)
investment scenario at hand instead of (FHWA, 1998a)
employing a rule-of-thumb analysis period
selection method, such as the FHWA'’s
suggested standard 35-40 year period
22 (FHWA, 2001)

LCCA should be used for decision support a‘nd

enhanced stewardship
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12.0CONCLUSIONS AND RECOMMENDATIONS

12.1 GENERAL

LCCA can be correlated with engineering field datassist Oklahoma
Department of Transportation (ODOT) pavement marsaigedetermining the “right
treatment” component of the “right treatment fag tight road at the right time”
pavement preservation strategy and increase thetekness of budget expenditure
resulting in decision making validation and justfiion and enhanced stewardship.

However, there is no standard process for statsp@atation agencies to
determine the cost effectiveness of PPT alterngtiahough it is widely accepted that
incorporating the process into agency decision-naRrocesses can enhance
sustainability in infrastructure management. LCé&pplication to implementation-level
pavement treatment projects was rarely found andi@monstrated in the literature and
is still being developed to address inherent coripéssues (Gransberg and
Scheepbouwer, 2010; FHWA 2009, 2007, 2005, 20039)19This research addressed
this issue.

Based on the research assertions listed in Chapiehe EUAC method was
found to be the most efficient method to deterntireecost effectiveness of treatment
alternatives. Specific pavement-preservation LCG@Aptability issues were addressed,
and subsequently the research contribution madeuitging LCCA asphalt and
concrete models based on stochastic and deterioimsthods. EUAC makes the
process less complex, more consistent with investihegel, more efficient and

provides relevant decision-making information foe pavement manager applicable to
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the short term window of pavement treatment opanatbased on treatment-relevant
input.

The EUAC models address the limited scenarios #iveqment manager faces at
the pavement-treatment-implementation level: trer pé the next rehabilitation or
reconstruction is either expected or it is not.e Tiodels are “fixed” with
corresponding continuous and termination featuszijcing the negative impact
associated with standard new pavement LCCA comigexand possibility of faulty
output associated with analysis period selectigiiegtion error while still ensuring
compliance with engineering economic principlegfieat by rankings equivalent to
those produced by the present value method. Thincous feature disallows the
unnecessary truncating of service lives while @dngtématic truncate” termination
feature is built in to ensure adherence to engingeconomic principles when the next
expected rehabilitation/reconstruction is expetteehcroach one or more service lives
of evaluated alternatives. The intent of using EXJ#&s the basis of the model was to
address the various scenarios a pavement managsrvath its “covert” flexibility,
while maintaining its efficient, “overt” inflexibity with regard to disallowing the
adjust-to-fit mechanisms, whereby reducing the \s#id complexities and sensitivity
factors associated with analysis period selectioa aon-treatment-relevant basis. This
is believed to be appropriate due to the short-tesinre of the implementation level
decision-making, as well as the likelihood of “datimng” occurrences.

Sensitivity in treatment-relevant parameter valsesh as service life and
pavement extension, is exposed and presented.e Tieegment-relevant input values

allow the pavement manager to intuitively analyze it CCA results because they are

196



factors within the realm of the pavement managexjzertise, rather than suppressed in
a possibly arbitrary analysis period selection neg@ engineering economic
understanding to extricate. Additionally, the v$enicrotexture and macrotexture
deterioration models provide local pavement coaditlata that correlate with service
life and pavement extension input values and atleevextent of variability in these
parameters to be exposed, contributing to the loildgliand justification of results.
Using field data derived deterioration curves aadgrmance-based failure criteria
provides a more accurate result than the empwaales for service life in use for the
current FHWA-approved LCCA process.

The deterministic sensitivity analysis tool, caglvith deterioration models,
can yield information that would satisfy “What gtenarios pertinent to pavement
managers. However, a deterministic approach magwb risk associated with
pavement treatment selection and inhibit a stagkway agency’s (SHA) ability to
mitigate budget risk and is only appropriate whaoautainty is not expected to
materially affect the outcome of the economic asialy When uncertainty is expected,
stochastic LCCA is recommended. This gives thepsnt manager the enhanced
ability to truly identify, then justify, the mosobst-effective pavement treatment for a
given project.

Maintenance funding is authorized on an annuakhasiking comparing
alternatives on an annual cost basis more clogdtysf funding model than using NPV
which would assume availability of funds acrosstteatment’s entire service life.

Since pavement managers typically consider seaéimmhatives with varying services

197



lives based on available funding rather than texdirguperiority, the FHWA LCCA
method based on NPV creates more problems thatvés

Because EUAC is an acceptable and suggested ecoaoalysis method, as
long as its applicability and appropriateness asahbghly investigated (White et al,
2010), and because of its efficiency in the pavdrreatment decision-making case at
this level of investment, it was selected as the@mriate method. EUAC LCCA
results combined with professional judgment aneotactors, the pavement manager
can make sound economic and justifiable decisiegarding pavement treatment
selection.
12.2 CONCLUSIONS

Transportation agencies are charged with stewgydsid therefore must
provide justification for decision-making and itherent uncertainties. Stochastic
LCCA enhances a pavement manager’s ability tofjudecisions. Although the
stochastic approach is more computationally comgsiar the deterministic approach,
software is currently available that makes its magilon practical. Input value
probability, as well as simultaneous variabilityatifinput values, is analyzed based on
the full range of “what if” scenarios, via Monte i@asimulation. Software can conduct
these simulations that provide a plethora of denisnaking statistical information
within seconds, making stochastic EUAC practicahatPPT level. Other findings
include:
Conclusion 1:Hypothesis Bupported: Probabilistic LCCA did produce a difetrr

result than deterministic LCCA for PPT evaluation
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Conclusion 2:Hypothesis Zupported: Construction cost volatility did havenaterial
effect on PPT LCCA.

Conclusion 3:Hypothesis 3upported: Probabilistic models did expose sefitsis
to input values concealed in deterstiaimodels.

Conclusion 4:Hypothesis 4upported:FHWA-recommended probabilistic methods
could be adapted to EUAC PPT.

Conclusion 5:EUAC LCCA can evaluate PPTs on the basis of effsttiveness.

Conclusion 6:EUAC LCCA is better for use at implementationdethan NPV
because it accommodates the short and diffeengce lives of
pavement treatment alternatives.

Conclusion 7EUAC LCCA eliminates the problematic AP and indré#nt service life
issues associated with NPV and theeediminates the need for
extensive economist-level training or expensi@CIA outsourcing.

Conclusion 8Continuous and terminal features can be addedtdAC model for
engineering economic principle adherence.

Conclusion 9:Underlying commodity volatility can be modeleddancorporated in
stochastic EUAC LCCA for PPT.

Conclusion 10:Pavement treatment performance can be modeledeamd as LCCA

service life input for performance-based analysdsch provides

superior results over empirical methods.

Conclusion 111 CCA can be coupled with other sustainability nostto assess the

sustainability of PPTs.
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Conclusion 12Economic and engineering technical data gathewed pavement

preservation field trials can be quantified andelated to produce
meaningful, standardized economic and LCCArmfation that
furnishes pavement managers measurable faitilegia to estimate
extended service lives of Oklahoma pavements.

Conclusion 13PPT EUAC LCCA is intuitive because it uses pavermanager

relevant input values, such as service lifeeranalysis period.

Conclusion 14:PPT EUAC LCCA provides output in EUAC form, castsnt with

annual budgets.

Conclusion 15:Sensitivity analysis, coupled with deterioratiandel information, can

enhance the PPT decision-making process bydgng insight to the
most cost effective alternative.

Conclusion 16: PPT EUAC LCCA can enhance stewardship and stippeement

preservation through cost effectiveness agsests.

Conclusion 17:Deterministic EUAC can provide comparable resudtstochastic

EUAC when volatility does not have a matemapact on outcome and
is appropriate for use.

Conclusion 18:Stochastic EUAC is appropriate when uncertaimighility impacts

results.

Conclusion 19:EUAC LCCA is consistent with PPT level of invesim.

Conclusion 20:FHWA LCCA “Good Practices” can be used as theshfas the EUAC

LCCA methodology.
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Conclusion 21:LCCA is sensitive to LCCA methods on all levetsdemonstrated with

the deterministic-based, stochastic-basedhandrmance-based
methods.

Conclusion 22:LCCA is sensitive to deterministic and stochastatment of service

life.

Conclusion 23:Stochastic LCCA is sensitive to empirical andig@enance-based

treatment of service life in stochastic LCCA.

Conclusion 24:The pavement manager should consider LCCA metbtattion

process when evaluating PPTs so as not ttvargently skew output
results.

Conclusion 25:Stochastic EUAC provides another brick for th&tification of

pavement preservation.

12.3 LIMITATIONS

The objective of the research was to develop L&€deterioration models and
methodologies. The findings were derived from gpeEPT field test sections located
on Highway 77 in Norman, Oklahoma that were sulj@the same market, traffic and
environmental conditions. Therefore, a major latdn of this research is that the
findings cannot be generalized because they appyto the traffic, environment, and
climatic conditions found in the Oklahoma City regi Researchers and pavement
managers can replicate this project’s methodolagymust collect their own data for
cost and performance-measurement models that trédt=sd conditions.

The second major limitation can be best expreasedCCA output is very

sensitive to LCCA input. This research focusedharily on the analysis period/service
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life LCCA input parameters. Hence, a major limdatof this research involves the
other LCCA input parameters that contribute sevigitio the analysis, such as discount
rate, user costs and salvage/residual values.oDmscate treatment is a contentious
LCCA issue (Gransberg and Scheepbouwer, 2010;dtlall 2009) and research has
shown that discount rate selection can dictateept@election (Corotis and Gransberg,
2005). The FHWA suggests a deterministic treatroétite discount rate, while
research has shown that probabilistic treatmentlmeayore appropriate (FHWA,
2009). There is also debate about whether or sotil discount rate should be
included in analyses (Corotis and Gransberg, 2@&h user costs and
salvage/residual values are difficult to quantdy the purposes of input value
determination and there is debate on how to ddisdl ét al. 2009; Lee, 2002). This
research made no attempt to reconcile these issues.

Another limitation is that LCCA does not calculatsingle best solution for a
given project; it merelprovides an indication of cost effectivenes€CA output is
only one component of the larger PPT decision fraank that includes other decision-
support factors, such as “risk, available budgatsg, political and environmental
concerns” (FHWA, 2001).

12.4 RECOMMENDATIONS

The recommendations for future research are baselde findings of this
research project and include the following:

* There are limited performance measures that atwtjjoapplied to all PPTs

(Chapters 2 and 6). PPT-specific performance nmeasuith associated failure

criteria need to be developed to furnish metries tlescribe treatment
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performance. Doing so would provide better datad&terioration
models/LCCA service life input. Deterioration mé&leould then be developed
that are applicable to specific AASHTO climaticimgs as well as for urban
versus rural traffic.
* The issue of determining an appropriate discoustfa pavement LCCA
critically needs to be addressed. Various LCCAalist rate methodologies
have been researched (Gransberg and Scheepbo@d@r,Corotis and
Gransberg, 2005) but no definitive guidance isentty available. Commaodity
specific discount rates seem a logical candidatpdwement alternative
analysis and deserve to be thoroughly investigtenhclusion in LCCA.
* Methodologies for quantifying [PPT] environmentaipact are being
disseminated, commonly referred to as life cyclemory (LCI), and are based
upon measurements of emissions, raw material ustggGalehouse and
Chehovits, 2010; Muench et al. 2010; CH2M HILL &dod Company, 2009).
An LCCA model that incorporates LCI could providem insight about PPT
sustainability.
12.5 CONTRIBUTIONS

This research made two significant contributionthebody of knowledge in
pavement economics. No significant research hegqursly been done to quantify the
actual service lives of PPTs and furnish a modettfe LCCA of those treatments,
which would contribute to the justification of pawent preservation. This research fills
those two gaps. First, a methodology for estingati@CA service life based upon PPT

performance, instead of the current use of semfieeassumptions, was developed and
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demonstrated with superior results. Second, anA @©0del with deterministic and
stochastic capability was created for PPTs and dstrated that EUAC is more
appropriate for PPT evaluation than NPV becausheoghort and differing service
lives.

Other contributions include a PPT LCCA model tisaapplicable to both
concrete and asphalt pavements in highway andraipplications. Specific EUAC
algorithms were developed for deterministic LCCi#dchastic LCCA, commodity-
based LCCA and performance-based LCCA. Continandsterminal LCCA modes
were developed. A performance-based sensitiviyyais methodology for
deterministic LCCA was developed. A methodologyweeated for assessing PPT
sustainability.

The EUAC LCCA model eliminates some of the thdoatissues associated
with the current FHWA method and specifically addes the short-term nature of
pavement preservation treatments. This finding vedislated by Tashia Clemons, the
FHWA Planning Program Manager, who expressed thes\a including the
methodology into the current FHWA LCCA methodolagter attending a presentation
by the author on the EUAC methodology completetthis research. The model
accommodates the pavement management programnaogssrfor rehabilitation or
reconstruction by furnishing a rigorous methodoltgyationally truncate service lives,
a concept not covered by the current FHWA LCCA pthoe. Representatives of the
asphalt and concrete industry (National Asphaltefant Association and American

Concrete Pavement Association), an industry wh&€A has always been a
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contentious issue, have also been in direct comtitictthe author about the EUAC
model proposed in this research.

Additionally, SHA representatives have expressed interest iredearch
because it fills a gap in the body of knowledge tiravides PPT justification on the
basis of cost, as a function of performance. Tdeeaf microtexture and macrotexture
deterioration models provide local pavement coaditiata that correlate with service
life and pavement life extension input values fQQA and allow the extent of
variability in these parameters to be exposed emsisivity analysis and thereby
enhances the credibility of resulfBhese pavement-manager relevant input values
allow for intuitive analysis of the LCCA resultsdditionally, the EUAC model
specifically addresses the relatively short terturgof pavement preservation
treatments, allowing the manager to better relat@ment LCCA output to annual
maintenance budgets and determine the most cestigdf PPT for a given project.
Thus, the work contained herein can be used tdyusstalling a PPT that is
marginally more expensive on a basis of eitheraased service life or lower LCC.

Lastly, the performance-based elements of tharekdave generated interest
and future research funding from the PPT indusipgcifically from suppliers and
manufacturers, who are interested in how their pctgl“stack up” to the competitors’
products on a performance-cost basis. This relsdes shown that PPT performance
can be quantified and correlated with cost daf@éwide a “bang for the buck”
analysis.

Economic and engineering technical data gathewed pavement preservation

field trials can be quantified and correlated toduce meaningful, standardized

205



economic and life cycle cost analysis informatibattfurnishes pavement managers
measurable failure criteria to estimate extended@lives of the nation’s pavements.
This research contributes a performance-cost t@hiadology that can assist the
pavement manager in effectively allocating limitedources and provides the vital
return on investment information needed to judtiky pavement preservation

philosophy and enhance the safety and accessibilitye nation’s road network.

206



REFERENCES

(AASHTO) American Association of State Highway an@nsportation Officials,
2001. Pavement Management Guide, November 2001, Exe&uivenary
Report. Washington D.C.

Abdul-Malak, M.-A.U., D.W. Fowler, and A.H. Meyet993. “Major Factors
Explaining Performance Variability of Seal Coat Banent Rehabilitation
Overlays,"Transportation Research Record 1338nsportation Research
Board, National Research Council, Washington, D1893, pp. 140-149.

(ACI-NA) Airports Council International — North Amiea, 2010. Going Greener:
Minimizing Airport Environmental ImpactsAccessed April 18, 2010 from:
http://lwww.aci-na.org/static/entransit/emvibrochure.pdf.

(AEMA) Asphalt Emulsion Manufacturers Associati@®11. “Fog Seal”.
Retrieved on January 12, 2012 from www.aema odgh.

Aktas, B., D. Gransberg, C. Riemer and D. Pitteng@t 1. “Comparative Analysis of
Macrotexture Measurement Tests for Pavement Riatsem Treatments,”
Transportation Research Record 2208ansportation Research Board
National Research Council, Washington, D.C., pp4G4

ARRB Transport Research, 2001. “Variation in Sugfaexture with Differing Test
Methods,” Unpublished report prepared for NatidBi@iminous Surfacings
Research Group. Melbourne, Australia.

(ASTM) American Society for Testing and Materidigernational, 2009Standard
Test Method for Measuring Pavement Texture Draifdgi@g an Outflow
Meter, ASTM E2380/E238QNRetrieved on July 18, 2010 from:
http://www.astm.org/Standards/E2380.htm.

(ASTM) American Society for Testing and Materidigernational, 2006Standard
Test Method for Measuring Pavement Macrotexturetb&sing a Volumetric
Technique, E965-9@&hiladelphia, Pennsylvania. Retrieved on Decerher
2006 from http://www.astm.org/cgi-bin/SoftCart.exe/
DATABASE.CART/REDLINEPAGES/E965.htm.

(ASTM) American Society for Testing and Materidigernational, 2000Standard
Test Method for Skid Resistance of Paved Surfasegla Full-Scale Tire,
ASTM E274, ASTM International, West Conshohockef,, Retrieved on
October 3, 2007 from http://www.astm.org.

(ASTM) American Society for Testing and Materidigernational, 1999ASTM
D5821-95: Standard Test Method for DeterminingPleecentage of Fractured
Particles in Coarse Aggregat@nnual book of ASTM Standards, Vol. 04.03,
Philadelphia, Pennsylvania.

207



(ATAG) Air Transport Action Group, 2008Aviation Industry Commitment to Action
on Climate Change, 200&Retrieved on January 3, 2010 from:
http://enviro.aero/Aviationindustryenvironmentaltigation.aspx.

(AirTap) Airport Technical Assistance Program, 200Bavement Preservation:
Protecting Your Airports’s Biggest Investmen®irTap Briefings, Summer
2005.Center for Transportation Studies at the UnivegrsitMinnesota.

Austroads, 2005 uidelines for the Management of Road Surface B&gistance
Austroads Publication No. AP-G83/05. Sidney, Augtra

Austroads, 2004Sprayed Sealing Guid@Austroads, Sydney, Australia.

Bathina, M., 2005. “Quality Analysis of The Aggrégdmaging System (Aims)
Measurements,” Master’s Thesis, Texas AandM Unitxer€ollege Station,
Texas.

Bausano, J.P., K. Chatti and R.C. Williams, 2003etermining Life
Expectancy of Preventive Maintenance Fixes forha#pSurfaced Pavements,”
TransportationResearch Record: Journal of the Transportation Rede
Board No. 1866, TRB, National Research Council, pp. M&shington D.C.

Beatty, T.L., D.C. Jackson and D.A. Dawood, 2002avement Preservation
Technology in France, South Africa, and Australiegtderal Highway
Administration Report # FHWA- PL-03-00, US Departrhef Transportation,
Washington, DC.

Bennett R., 2007. “Balstrac Shot Blasting Trial drethnical Assessment, Bendigo,
Victoria,” Unpublished draft research report pregohby Geotest Civil Services,
North Geelong, Victoria, Australia, August 2007.

Berry, F., S. Gillhespy and J. Rogers, 2008. A@yRthesis 10: Airport Sustainability
Practices, A Synthesis of Airport Practice. Aifp@poperative Research
Program. Transportation Research Board, Washin@@n,

Bilal, M., M. Irfan and S. Labi, 2009Comparing the Methods for Evaluating
Pavement Interventions — A Discussion and CaseyStuansportation
Research Board (TRB) Chapter No. 09-2661. Wasbimd.C.

(CALTRANS) California Department of Transportati®@07.Interim Life Cycle Cost
Analysis Procedures Manudbavement Standard Team & Division of Design.

Cambridge Systematics, Inc., PB Consult and Systetnics Group, Inc., 2005.
Analytical Tools for Asset Managementational Cooperative Highway
Research Program (NCHRP) Report 545. Washingtad, D

CH2M HILL and Good Company, 2008ransportation and Sustainability Best
Practices BackgroundRetrieved on September 16, 2009 from:

208



http://environment.transportation.org/pdf/sustaihigb peer
exchange/AASHTO_SustPeerExh_BriefingChapter.pdf

City of McKinney, 2007.City Council Work Session: Discuss Tenant Financial
Restitution during the Airport Runway Closure Pdri@ontractor Incentives
and Liquidated Damageg&etrieved on June 2, 2010 from:
http://www.mckinneytexas.org/Agendas/councilmeetif§3107/Airport%20Te
nant%20Restitution/newAl-Work%20Session%20--
20Tenant%20Restitution.doc.

Clemen, R., 1996Making Hard Decisions: An Introduction to Decisidnalysis,
Second Edition Duxbury Press, London.

Corotis, R.B. and D.D. Gransberg, 2005. “Addingi8bDiscount Rate to the Life
Cycle Cost Decision-Making AlgorithmJournal of Reliability of Structures
and Materials Vol.2 (1) December 2005, pp. 13-24.

Davies, R.M. and J. Sorenson, 20Bavement Preservation: Preserving Our
Investment in HighwaySanuary/February 2000- Vol. 63- No. 4 Retrievethfr
http://www.tfhrc.gov/pubrds/jan00/pavement.htm amgéist 28, 2008.

de Leodn, E.D., Flintsch, G W, Saleh, M.l. and Mc&h¢.K., 2009. “Area-Based
Macrotexture Measurements: A Stereo Vision ApprgaClompendium of
Chapters TRB 88th Annual Meeting, Washington, D.C., p. 6.

Doty, R.N., 1974. “A Study of the Sand Patch andflow Meter Methods of Pavement
Surface Texture Measurement,” Proceedings, ASTMIhmual Meeting,
Washington, D.C., 35pp.

Eagan, M.E., D. Bell, C. Koshuta, C. Lurie, B. SéetyT. Klin and J. Putnam, 2009.
Critical Issues in Aviation and the Environm@009. Transportation Research
Circular, E-C138 Page 1. Transportation Research Board, WagmngtC.

(ENR) Engineering News Record, 2011. “Construct@onomics” for July 4, 2011
retrieved July 7, 2011 from:
http://enr.construction.com/engineering/pdf/ecorus2011/110704-
ConstructionEconomics.pdf.

(ENR) Engineering News Record, 2010onstruction Cost Index (CCI)Retrieved on
April 10, 2010 from: http://enr.construction.comdeomics/default.asp.

Erwin, T. and S.L. Tighe, 2008. “Safety Effect akfentive Maintenance: A Case
Study of Microsurfacing, Transportation Research Record: Journal of the
Transportation Research Board, No. 20Z4ansportation Research Board of
the National Academies, Washington, D.C., pp. 79-86

Estakhri, C. K., and H. Agarwal, 199Effectiveness of Fog Seals and Rejuvenators

209



for Bituminous Pavement Surfadessearch Report 1156-1F, Project No. 1156,
Texas Transportation Institute, CollegatiSh.

(FAA) Federal Aviation Administration , 201@dvisory Circular 150/5210-23\irport
Foreign Object Debris (FOD) Management, Dralashington, DC.

(FAA) Federal Aviation Administration, 200irport Obligations: Pavement
MaintenanceDecember 9. Accessed on March 3, 2010 from:
www.faa.gov/airports/central/airportng@iance/pavement_maintenance/

(FAA) Federal Aviation Administration, 2009&dvisory Circular 150/5320-6E:
Airport Design and EvaluatioiWashington, DC.

(FAA) Federal Aviation Administration, 2007Advisory Circular No. 150/5380-6B:
Guidelines and Procedures for Maintenance of Aitgtavements
Washington, DC.

(FAA) Federal Aviation Administration, 2006Advisory Circular No. 150/5380-7A:
Airport Pavement Maintenance ProgratWashington, DC.

The Federal Reserve, 201Economic and Research Data: Data Releases.
Retrieved on July 15, 2011 from:
http://www.federalreserve.gov/releases/h15/data.ht

(FHWA) U.S. Department of Transportation Federajhivay Administration, 2011.
FHWA'S List of Preservation Methods fasphalt Pavement&etrieved on
December 31, 2011 from:
http://www.fhwa.dot.gov/pavement/preservation/pd@6fm.

(FHWA) U.S. Department of Transportation Federajtivay Administration Office of
Asset Management, 2009 ransportation Asset Management Case
Studies. Life Cycle Cost Analysis: The Coloradpdfience Washington D.C.

(FHWA) U.S. Department of Transportation Federajtitvay Administration, FRand
AASHTO, 2008. Transportation System Preservation Research, Dpustnt,
and Implementation RoadmapVashington D.C.

(FHWA) U.S. Department of Transportation Federajtivay Administration Office of
Asset Management, 200Transportation Asset Management Case
Studies. Economics in Asset Management: The Oaintti€ky-Indiana Regional
Council of Governments Experiencé/ashington D.C.

(FHWA) U.S. Department of Transportation Federativay Administration Office of
Asset Management, 2007Asset Management OverviewWashington D.C.

210



(FHWA) U.S. Department of Transportation Federativay Administration Office of
Asset Management, 2009 ransportation Asset Management Case
Studies. Economics in Asset Management: The Hribslgh County, Florida
Experience Washington D.C.

(FHWA) U.S. Department of Transportation Federajtivay Administration Office of
Asset Management, 2005a. Geiger, DavioMemorandum: Pavement
Preservation DefinitionsRetrieved August 28, 2009 from:
http://www.fhwa.dot.gov/pavement/preservation/0%120f .

(FHWA) U.S. Department of Transportation Federativay Administration Office of
Asset Management, 2004ife-Cycle Cost Analysis RealCost User Manual
RealCost Version 2.1. Washington, D.C.

(FHWA) U.S. Department of Transportation Federativay Administration Office of
Asset Management, 200&Economic Analysis PrimerWashington, D.C.

(FHWA) U.S. Department of Transportation Federajtivay Administration Office of
Asset Management, (2003d@yansportation Asset Management Case
Studies. Economics in Asset Management: The NewEXperience
Washington D.C.

(FHWA) U.S. Department of Transportation Federativay Administration Office of
Asset Management, 2002ife Cycle Cost Analysis Primer
Washington, D.C.

(FHWA) U.S. Department of Transportation Federativay Administration Office of
Asset Management, 199@sset Management PrimeWashington, D.C.

(FHWA) U.S. Department of Transportation Federajtivay Administration, 1998.
Pavement Preservation: A Road Map for the Futudeas, strategies and
techniques for Pavement Preservatiborum held Kansas City, MO.

(FHWA) U.S. Department of Transportation Federajtivay Administration, 1998a.
Life Cycle Cost Analysis in Pavement Design, InteéFechnical Bulletin.
Washington, D.C.

Flintsch, G.W., E. de Ledn, K.K. McGhee, and I.Ul-@adi, 2003. “Pavement Surface
Macrotexture Measurement and Applicationg,ansportation Research Record
186Q Journal of the Transportation Research BoardpNat Academies pp.
168-178.

Galehouse, L. and J. Chehovits, 20Ehergy Usage and Greenhouse Gas Emissions
of Pavement Preservation Processes for Asphalt @em@&avements.
Compendium of Chapters from the First Internatid®ahference on Pavement
Preservation, Chapter 65. Newport Beach, CA.

211



Galehouse, L., Moulthrop, J.S. and Hicks. R.G.,30Brinciples for Pavement
Preservation: Definitions, Benefits, Issues andriges,” TR News,
Transportation Research Board, pp.4-9. WashinDt@n

Gee, K.W., 2007. “Preservation and Rehabilitatidtrdceedings, AEMA-ARRA-ISSA
Joint Meeting, Bonita Springs Florida, p. 8.

Geiger, D.R., 2005U.S.D.O.T FHWA Transportation Asset Management Case
Studies. Economics in Asset Management: The Hribslgh County, Florida
ExperiencéNote From the Director”. Washington D.C.

Geiger, D.R., 2005aMemorandum: Pavement Preservation DefinitioksS.
Department of Transportation Federgliiiay Administration Office of Asset
Management. Accessed on August 28, 2009 from:
http://www.fhwa.dot.gov/pavement/preservation/0%120t

Gothie, M., 1993. “The Influence of Skid ResistanceRoad Safety,Bulletin de
Liaison des Laboratoires des Ponts et Chaussédises, France.

Gransberg, D. D. and E. Scheepbouwer, 20afrastructure Asset Life Cycle
Cost Analysis IssueSAACE, TRK.01, May 2010.

Gransberg, D. D., 2008.ife Cycle Cost Analysis of Surface Retexturingy wit
Shotblasting as an Asphalt Pavement Preservatianh. Tkransportation
Research Board, TRB chapter #09-0409, National &ekeCouncil,
Washington, D.C.

Gransberg, D. D. and E. Kelly, 2008. “Quantifyldgcertainty of Construction
Material Price Volatility Using Monte Carlo.Cost Engineering
Vol. 50, No. 6.

Gransberg, D.D. and B.D. Pidwerbesky, 2007. "S$epling and Ultra-High Pressure
Watercutting Technique for Restoring Skid Resistamt Low-Volume Roads:
Life Cycle Cost ComparisonTransportation Research Record 1988urnal of
the Transportation Research Board, National Acadenpp. 234-239.

Gransberg, D.D., 2007. “Using a New Zealand Peréme Specification to Evaluate
US Chip Seal Performance]durnal of Transportation EngineeringSCE,
Vol. 133 (12), December 2007, pp 688-695.

Gransberg, D.D. and M. Zaman, 2005. “Analysis ofusion and Hot Asphalt Cement
Chip Seal Performang¢eJournal of Transportation EngineeringSCE,
Vol.131 (3), pp. 229-238.

Gransberg, D.D. and D.M.B. James, 2005aip Seal Best Practiceblational
Cooperative Highway Research Program SynthesisTHB, National
Research Council, Washington, D.C.,, pp. 17-19.

212



Gransberg, D.D. and K.R. Molenaar, 2004. “Life [@y€ost Award Algorithms for
Design-Build Highway Pavement Projectdgurnal of Infrastructure Systems,
ASCE, Vol. 10(4), December, 2004, pp.167-175.

(GTAA) Greater Toronto Airports Authority, 200@utside, Inside, Upside. A Three-
Dimensional Look at Corporate Social ResponsibiliBage 7.
http://gtaa.com/local/files/en/Community/PublicaisdCorporateSocialResponsi
bilityReport2008-07-23.pdf Accessed March 2, 2010.

Haas, R., S.L. Tighe and L.C. Falls, 20@etermining Return on Long-Life Pavement
InvestmentsTransportation Research Recotdburnal of the Transportation
Research Board. Volume 1974, Pages 10-17.

Hall, J.W., K.L. Smith, L. Titus-Glover, J.C. WantdpT.J. Yager, Z. Rado, 2009.
NCHRP Web-Only Document 108uide for Pavement FrictiomNational
Cooperative Highway Research Program (NCHRP) Projee3 Contractor’s
Final Report. Transportation Research Board. \iigstn, D.C.

Hall, K.T., C.E. Correa, S.H. Carpenter and R.Ro&I12003. Guidelines for Life-Cycle
Cost Analysis of Pavement Rehabilitation Stratediemnsportation Research
Board 2003 Annual Meeting CD-ROM. Washington, D.C.

Henry, J. J., 2000. NCHRP Synthesis of Highwaytta No. 291: Evaluation of
Pavement Friction Characteristics. TRB, Nationadd¢aech Council,
Washington, D.C.

Henry, J.J. and Hegmon, R.R., 1975. “Pavement Texeasurement and
Evaluation,” Surface Texture Versus Skidding, ASSVWIP 583, ASTM,
pp. 3-17.

Irfan, M., M. Khurshid, S. Labi and W. Flora, 200%valuating the Cost
Effectiveness of Flexible Rehabilitation Treatngebsing Different
Performance Criteria. Journal of Transportation Engineeringvol. 135,
No. 10. American Society of Civil Engineers (ASCE

Kane, A.R., 1996 National Highway System Designation Act; Life-CyCtest Analysis
RequirementsFHWA Policy Memorandum. FHWA, U.S. Department of
Transportation. Washington, D.C.

Lee, Jr. D.B., 2002. “Fundamentals of Life-CyclesCAnalysis”. Transportation
Research Record 1812, Chapter No. 02-31Pfansportation Research Board
(TRB), Washington, D.C.

Lehtonen, R. and E. Pahkinen, 20@®ractical Methods for Design and Analysis of
Complex Survey2' Edition, John Wiley and Sons, New York, 394pp.

213



Lomax, R., 2007 An Introduction to Statistical Concepts, SecondiBdi Lawrence
Erlbaum Associates, Publishers. Mahwah, New yerse

Lu, Q. and B. Steven, 2006echnical Memorandum UCPRC-TM-2006-10: Friction
Testing of Pavement Preservation Treatments: afitee Review.California
Department of Transportation (Caltrans) DivisidriResearch and Innovation
and Division of Maintenance. University of Califtet Pavement Research
Center, UC Davis and Berkeley.

Manion, M. and S.L. Tighe, 2007. “Performance-SjiediMaintenance Contracts:
Adding Value Through Improved Safety Performandegnsportation
Research Record: Journal of the Transportation ReseBoard Nal990,
Transportation Research Board of the National Acadg, Washington, D.C.,
pp. 72-79.

McLeod, N. W., 1969. “A General Method of Desigm &eal Coats and Surface
Treatments, Proc., Association of Asphalt Paving Technologigtd, 38,
pp. 537-630.

Monsere, C.M., L. Diercksen, K. Dixon, M. Liebl@Q09. Evaluating the Effectiveness
of the Safety Investment Program (SIP) Policie<iggon, SPR 651, Final
Report. For the Oregon Department of Transportation Rebedection and the
Federal Highway Administration. Portland, Oregon.

Montgomery, Douglas C., 2009ntroduction to Statistical Quality Control"6Edition.
John Wiley and Sons, Inc. Hoboken, New Jersey.

Moulthrop, J.S., 2007. “Slurry/Micro-Surface MixeBign Procedure,” Northeast
Pavement Preservation Partnership, Warwick, Rhslded, December 11,
2007. Retrieved on April 12, 2010 from:
http://www.tsp2.org/files_tsp2/resource/Slurry%281Se20System%20Pooled
%20Fund%20Study%20Update.pdf.

Moulthrop, J., 2003. “Pavement Preservation: Ptotg¢he Investment,” Presentation
made at NEAUPG Annual Meeting, Wilkes-Barre, Peluasyia.

Muench, S.T., J.L. Anderson, J.P. Hatfield, J.Res#ter and M. Sdderlund, 2010.
Greenroads Rating System v1(DL. Anderson and S.T. Muench, Eds.).
Seattle, WA: University of Washington.

National Cooperative Highway Research Program, 1888lution and Benefits of
Preventative Maintenance Strategi&ynthesis of Highway Practice No. 153,
National Cooperative Highway Research Program, pariation Research
Board. Washington, DC.

Noyce, D.A., Bahia, H.U. Yambo, J.M. and Kim, GQ003. “Incorporating Road Safety
into Pavement Management: Maximizing Asphalt swfedction for Road

214



Safety Improvements,” Midwest Regional Universitaiisportation Center,
Madison, Wisconsin.

O'Doherty, J., 2006. “Review of Chip Seal Best Rirms”. Presented at ¥2Rocky
Mountain Asphalt Conference and Equipment ShowMeerColorado.

Oklahoma Department of Transportation, 2010. G&rRidley, ForewardSFY-2010
through SFY-2013 Asset Preservation Pl@&klahoma City, Oklahoma.

Oppenheim, A. N., 1992Questionnaire Design, Interviewing and Attitude
MeasurementContinuum, London.

Outcalt, W., 2001SHRP Chip SeaReport No. CDOT-DTD-R-2001-20, Colorado
Department of Transportation Research Branch.

Owen, M., 1999.Managing the Risk in a New Performance Based Enwient
Conference on Asphalt Pavements for Southern Afdocababwe.

Ozbay, K., D. Jawad, N.A. Parker and S. Hussaifi420ife Cycle Cost Analysis:
State of the Practice Versus State of the Aftansportation Research Record:
Journal of the Transportation Research Badwwd. 1864, TRB, National
Research Council,pp. 62-70, Washington, D.C.

Palisade Corporation, 201Palisade: Maker of the world's leading risk aretision
analysis software, @RISK and the DecisionToolsSittalisade Corporation.
Accessed January 4, 2011. http://www.palisade.com/

Patrick, J.E., Cenek, P.D., and Owen, M., 2@@@&nparison of Methods to Measure
Macrotexture Proceedings from thé'International Conference on World of
Asphalt Pavemenisn CD, Australian Asphalt Pavement Association, Sydney.

Peshkin, D.G., T.E. Hoerner and K.A. Zimmerman,£208ational Cooperative
Highway Research Program, NCHRP, Report 523 Optifiraing of Pavement
Preventive Maintenance Treatment Applicatioh®nsportation Research
Board, TRB, National Research Council, Washingid..

PIARC World Road Association, 200Road Safety ManuaR2ute market.

Pidwerbesky, B., Waters, J., Gransberg, D, and @teknR., 2006. “Road Surface
Texture Measurement Using Digital Image ProcesamdIinformation Theory,”
Land Transport New Zealand Research Report 1/04(.162.

Pittenger, D.M., D.D. Gransberg, M. Zaman and @nkr, 2011.”Life Cycle Cost-
Based Pavement Preservation Treatment Desigarisportation Research
RecordJournal of the Transportation Research Board, Natidcademies,
Washington, D.Clssue 2235, pp 28-35.

215



Prapaitrakul N., Freeman, T. and C. J. Glover, 20@&alyze Existing Fog Seal
Asphalts and Additives: Literature Review,” TeXaansportation Institute,
Technical Report FHWA/TX-06/0-5091Qollege Station, Texas.

Reigle, J.A. and J.P. Zaniewski, 2002. “Risk-Bak#e-Cycle Cost
Analysis for Project-Level Pavement igement”, Transportation Research
Record 1816, Chapter No. 02-2579.

Reimer, C., D.D. Gransberg, M. Zaman, and D. Ryien2010. “Comparative Field
Testing of Asphalt and Concrete Pavement Preservatieatments in
Oklahoma,”Proceedings1® International Conference on Pavement
Preservation, Transportation Research Board, Neviggach, California,
pp.447-460.

Roe, P., Parry, A. R., and Viner, H. E.,19B83h and Low Speed Skidding Resistance:
The Influence of Texture DeptNo. TRL Report 367). Crowthorne, London,
UK: Transport Research Laboratory.

Roque, R., D. Anderson, and M. Thompson, 1991 .€¢&fbf Material, Design, and
Construction Variables on Seal-Coat Performantehsportation Research
Record 1300Transportation Research Board, National Researcim€io
Washington, D.C., pp. 108-115.

(SAGA) Sustainable Aviation Guidance Alliance, 2016troduction to Sustainability
Retrieved on April 18, 2010 from: http://www.airpeustainability.org/.

Skidabrader Brochure, 2010. Retrieved on Marct28@p from:
http://02c8002.netsolhost.com/Site/download/Skiddbr%20Brochure%?20for
%20the%20Web.pdf.

Sinha, K.C., and S. Labi, 2007ransportation Decision Making: Principles of Proje
Evaluation and Programming, pp. 199-211ohn Wiley and Sons, Inc.,
Hoboken, New Jersey.

Soéderlund, M., S.T. Muench, K. Willoughby, J. Uhieeand J. Weston, 2008.
Greenroads: A Sustainability Rating System for Raad presented at the 87
Annual Meeting of the Transportation Research Bo@afdshington DC, 13-17
January 2008.

Stroup-Gardiner, M. and S. Shatnawi, 2008e Economics of Flexible Pavement
Preservation. TRB 2009 Annual Meeting Chapter.

State of California Department of TransportatioA{TRANS), 2007. Interim Life
Cycle Cost Analysis Procedures Manual (Draft).

The Road Information Program (TRIP), 20@xtra Vehicle Operating Costs: What
Motorists Pay to Drive on Roads In Need of Repaiashington, D.C.

216



Thoreson, T., T. Martin, R. Hassain, M. Byrne, WiretLacy and G. Jameson, 2012.
“Preliminary Methodology for Estimating Cost Imgditions of Incremental
Loads on Road Pavements,” Austroads Research Repor
Publication No. AP—R402-12, Sydney, Australia.

Tighe, S. “Guidelines for Probabilistic PavemerfelCycle Cost Analysis.”
Transportation Research Record: Journal of the Braortation Research
Board No. 1769, TRB, National Research Council, pp388-Washington,
D.C. 2001.

Titus-Glover, L. and Tayabiji, S.D., 1999ssessment of LTPP Friction DdtaPP
Report # FHWA-RD-99-037, Federal Highway Adminisitva, MacLean,
Virginia.

(TNZ) Transit New Zealand, 200Ehipsealing in New Zealand@ransit New Zealand,

Road Controlling Authorities, and Roading New ZedlaWellington, New
Zealand.

(TNZ) Transit New Zealand, 200Rotes for the Specification for Bituminous Reseals.
TNZ P17, Wellington, New Zealand.

(TNZ) Transit New Zealand, 198%tandard Test Procedure for Measurement of
Texture by the Sand Circle Methods, TNZ Wa&llington, New Zealand.

(USBLS) United States Department of Labor: BureBluabor Statistics, 2011.
Commodity Data Database, Producer Price Indegtrieved July 7, 2011 from:
http://www.bls.gov/data/#prices.

Vercoe, J., 2002. “Chip Seal Texture Measuremertigih Speed Laser.” Unpublished
research report. Fulton Hogan, Christchurch.

Vreedenburgh, M., 199%irport Operational EfficiencylCAO Airport Privatization
Seminar for the NAM/CAR/SAM Regions. GuatemalayCit3-16 December
1999. Accessed June 2, 2010 from:
http://www.icao.int/icao/en/ro/nacc/aps/Pp_vreedenburgh_e.pdf.

Wang, Z., Y. Tsai, E. Pitts and Y. Wu, 2009. “Irapaf Escalating Construction Costs
on Long-Term Pavement Performance LosEansportation Research Record:
Journal of the Transportation Research Baadwwd. 2093, TRB, National
Research Council, pp. 84-92, Washington, D.C.

Watson, D. and D. Jared, 1998. “Georgia Departrokftansportation’s Experience
with Microsurfacing,”Transportation Research Record: Journal of the
Transportation Research Board, No. 16T8ansportation Research Board of
the National Academies, Washington, D.C., pp. 42-47

217



Weissmann, J. and M. M. Martino, 2009. “EvaluatadrSeal Coat Performance Using
Macro-Texture Measurements$Zompendium of Chapter§RB 88th Annual
Meeting, Washington, D.C., pp. 10.

West, T.M. and J.L. Riggs, 198Bngineering Economi¢d hird Edition, McGraw-Hill
Inc. New York, New York. pp. 781-789.

White, J.A., K.E. Case, D.B. Pratt, 201Brinciples of Engineering Economic Analysis,
Fifth Edition. John Wiley and Sons, Inc., Hoboken, New Jersey.

Wood, T.J. and G. Geib, 2001. “1999 Statewide MBusfacing Project,” Research
Report MN/RC-2001-11, Minnesota Department of Tpamtation, St. Paul,
Minnesota, 60pp.

Yildirim, Y., 2009. “TVAR Courses Available Onlinieom the Texas PPCPavement
Preservation JournalvVol 3 (1), pp. 33-34.

Yin, R. K., 1994 Case Study Research: Design and Methd&sge Publications
Beverly Hills, California.

Yoshitani, T, 2010.America’s Ports: Clean, Green Job Machines. Seatflert an
object lesson in growing employment and going gristy 4, 2010.
http://www.greentechmedia.com/articles/read/amserpmarts-clean-green-job-
machines/. Accessed June 23, 2010.

218



