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Executive Summary

The primary purpose of this report was to develgai@mbase template, using the existing
Wisconsin DOT pavement management system, fromhmugerform pavement performance
analysis using design, construction, and performatata for hot-mix asphaltic pavements. A
second purpose was to investigate appropriate ncahesr statistical methods that have the
potential of quantifying and establishing relatioips between design, construction, and
performance data. A series of tasks were coeduatcluding a review of literature, review of
Wisconsin DOT databases, database integrationesiphasis on performance modeling, export
of integrated database for performance modelind,racommended approaches for performance
modeling.

The literature review found that data types coéldctfor performance evaluation and
modeling vary from agency to agency depending adsdut the most common ones include
inventory, condition, traffic volume, and maintenarand rehabilitation. Common referencing
systems between various data collection systemsfamlitate data integration for pavement
performance modeling, however, a major barrierdohnieving full data integration is lack of
common referencing systems compounded by the ushffefent data formats. To that end,
Geographic Information System (GIS) was identifeesian effective tool for data integration
among various divisions within an organization.

Several Wisconsin DOT databases applicable toopednce modeling for hot-mix
asphaltic pavements were reviewed for primary dategories including construction, design,
traffic, and performance. Semantic discrepanamsrey databases that impede integration were
summarized, then recommendations were identifiezhttble simple or complex queries to relate
data residing in the different databases. A GlSeHadatabase integration was recommended
using similar Wisconsin DOT GIS practices. A lo@seipling approach, involving the transfer
of data files between the GIS and other progranas, @emonstrated using screen snapshots from
a typical integration. Then, the integrated daémeaprepared for export into a statistical analysis
package from the GIS and the results imported batke GIS for data visualization or display.

Several statistical analysis methods to develaofopeance models were provided, along
with reference examples for ANOVA, comparison ofamg and regression models. Currently,
there is an on-going research study, NCHRP Pr&e2, Beta Testing and Validation of HMA
PRS that will develop software capable of developpayement performance models. It is
expected that the report and software be completelde end of 2008.
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CHAPTER 1 Introduction

1.1 Background

In-situ pavement performance can be consideredsponse variable to many project
input variables, such as design (i.e., materiaperiies, engineering criteria, etc.), construction
(i.e., selected materials, design targets, basditom, etc.), and both environmental and traffic
loading effects. If Wisconsin DOT and Industry a@ocefully understand and realize the true
components of in-situ pavement performance, andifspthe necessary inputs through design
and construction specifications to achieve thafgperance, quantitative relationships must be
developed between the input variables and respeoas@bles through a scientific, fully-
integrated pavement performance system. The egigtiocesses used by Wisconsin DOT and
other highway agencies to determine these reldtipashave been largely based on a collection
of experience and knowledge acquired through yeapavement performance monitoring and
continuous specification development. With mangezienced personnel retiring this decade, a
Pavement Performance Analysis System (PPAS) willige a lasting tool to understand the
complete pavement system.

1.2 Problem Statement

A comprehensive and fully-integrated data acquisjtmodeling, and analysis system is
necessary to quantify the relationship betweengteand construction inputs, and the resulting
in-situ pavement performance output. Portiondefdystem are already in place, but research is
necessary to identify new components and fullygrage the system. For example, existing
construction inputs include Job Mix Formula (JMRtal Quality Management Program (QMP)
data, and construction inspection records. Exasnpleexisting in-situ performance output
components include the Pavement Distress Index)(Rbternational Roughness Index (IRI),
Life-Cycle Cost Analysis (LCCA), and Long-Term Pavent Performance (LTPP) measurement
systems. Both of the above construction and p@idoce measurement systems are in-place, but
are not fully integrated into a PPAS.

1.3 Project Objective

The objective of this project was to develop a base template, using the existing
Wisconsin DOT pavement management system, fromhmugerform pavement performance
analysis using design, construction, and performagata for Hot-Mix Asphaltic Pavements
(HMA). A second objective of this study was mveéstigate appropriate numerical or statistical
methods that have the potential of quantifying asthblishing relationships between design,
construction, and performance data.



CHAPTER 2 Literature Review

The purpose of this literature review is to idgntdertinent performance data types
collected for PMS, data integration, and analytizadthods applied, as well as corresponding
outputs. Pavement performance is a measure ofwhighdeterioration and indicates the
variation in the level of service provided to th@pment user over time. It is at the center of
every pavement management system (PMS) and formsb#ésis for determining needed
maintenance and rehabilitation strategies, as aglthe overall cost-effectiveness for a given
highway section or network. In addition, it provsda basis for verifying design methods, in that
if a pavement section performs well, more thanlyikke next design will follow the procedures
used in the previous design to achieve the depieeidrmance.

2.1 Pavement Management System Data Needs

AASHTO (1993) defines a pavement management sy$RvtS) as a set of tools or
methods that assist decision-makers in findingnopth strategies for providing, evaluating, and
maintaining pavements in a serviceable conditioer @ period of time. PMS data needs and
uses have been discussed by Haas et al (1994)antecsummarized as in Table 2.1. With the
exception of the policy and cost related datacaleégories provide background information for
pavement performance modeling and analysis, andiscassed in the following sections.

2.1.1 Section Reference and Description

Historically, different divisions within an agenoften have data collection and use needs
that are not totally compatible with the needs thieo divisions. Therefore, it is not uncommon
to see multiple methods of referencing the locatdrpavement sections within a highway
network. The construction division, for exampleayruse a construction project numbering
scheme, while the operations division may use rooiéepost method for scheduling
maintenance operations. These functions need tocdwmedinated to create a permanent
referencing system for a functional PMS. NCHRPtBgsis 335 (2004) reported a survey in
which 96% of highway agencies indicated using thiepost/logpoint method for referencing,
while 15% use landmarks for referencing. The nagpreferencing method requires each
roadway to be given a uniqgue name and/or numberaatistance along the route from a given
origin to define points along the route. The imgiag use of Geographic Information System
(GIS) and Global Positioning System (GPS) technplbgwever, is propelling the use of
coordinate-based referencing systems to identiiptpalong routes. NCHRP Synthesis 335
identified 35% of surveyed agencies using longitadd latitude, and 13% using state plane
coordinate or related systems.



Table2.1 Major Classesand Component Types of Pavement Data (Haas et al., 1994)

Data Category Components Primary Uses
3)
D (2) Rehabilitation Maintenance

Section reference and - X X
description

Roughness X
Surface distress X X
Deflection X
Friction X X
Layer material properties

Performance Related
Data

X
Maintenance history X X
Construction history X
Traffic X X
Accidents

Historic Related

Budget
Available alternatives

Policy Related

Section dimensions
Curvature
Geometry Related Cross slope

Grade

Shoulder / curb

Drainage
Environment Related | Climate (temperature, rainfall,
freezing)

X

Construction costs

Maintenance costs

Rehabilitation costs
User costs

Cost Related

XX ||
X

2.1.2 Performance Data

Performance data relates to the current and hisiarondition of the pavement. Four key
indicators are commonly used to characterize thediton of the pavement and include
roughness, surface distress (e.g., rutting, crgckand faulting), deflection, and surface friction
(as related to safety). The four indicators aee \thriables that can be measured to determine
whether the pavement is functioning satisfactorifhese indicators would originally be
predicted at the design stage and then periodieatiyuated while the pavement is in service. A
survey of 51 state agencies revealed that appraeiynd5% of agencies used both manual and
automated methods in performance data collectioitevd7% use automated methods only for
the same purpose (NCHRP 2004). The automated datdvées multipurpose data collection
vans that employ technologies such as Global Posigy System (GPS), laser sensors, and



video cameras to capture inventory and centerinfiermation. Day and Lewis (2002) have
summarized best practices in automated highwagaabin equipment.

2.1.3 Historical Data

Historical data primarily include construction, mi@nance, and traffic data. Construction
data includes information on the as-built quality the materials, such as density and
permeability characteristics of asphalt concre&gnificant variability in construction quality
can result in poor performance, compared to pavesnesth uniform quality. Pavement
maintenance data involve maintenance activitiesithpact performance (e.g., crack sealing and
patching). A high level of maintenance can resuéin extended life of the pavement beyond the
expected service life.

Traffic data is critical for performance predicti@mnd for priority assignment in the
selection of rehabilitation projects. Performancedeling requires an estimate of the heavy
vehicle traffic that causes the majority of the gaent deterioration. The estimate is adjusted to
reflect traffic growth rate for the performance ipdrunder consideration. Twenty-one of 37
agencies surveyed indicated using both automatddhramual methods in traffic volume data
collection (NCHRP 2004).

2.1.4 Environmental data

Pavement performance can be seriously affected rmwrommental and drainage
conditions. The common measures used as indicesvafonmental conditions include freeze-
thaw cycles, freezing index, seasonal rainfall, ritlowvaite Index, drainage quality, and regional
factors developed by an agency (Haas et al. 1994).

2.2 Datalntegration

Analytical models involving structural or functidnpavement performance requires
information about the indicator of performance (ergughness and distress type), as well as the
potential variables that affect the performancecatr (e.g., traffic loads, climate, material
characteristics, maintenance and rehabilitatiotohjs and construction history). This required
information is generally associated with pavemeahagement systems (PMS) and are often
kept in separate databases managed by differerdiatis or offices within an agency. For
example, the planning division keeps traffic respnghile construction and maintenance records
are maintained respectively by the construction @merations divisions. The problem is further
compounded by the use of different referencingesystand data formats that may be used by
some divisions within an agency.o facilitate the modeling process and other PM&iéies, it
would be desirable to have this information certesl so that all divisions can have ready
access to the needed data and also minimize dtipiicscOne of two main methods can be used
for data integration namely, data fusion and interable or federated databases (FHWA 2001).
Data fusion combines data from multiple source® iatsingle database, whereas federated
databases employ multiple queries to relate datiding in different databases. Although data
integration is considered very important, NCHRP 83804) reported on the basis of a survey
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that the number of agencies that have actually ¢etegh or are close to completing a full
integration of the systems is very limited.

Geographical Information Systems (GIS) have beemtified as an effective tool for
data integration. According to AASHTO (2001), tHknbis DOT has used GIS to integrate
information from disparate databases to providermbtion for PMS activities. Roadway,
structure, and rail crossing inventory systemstiaa to a link/node base, and allow the use of
multiple referencing schemes of route and milepesignations.

2.3 Performance Data Analysisand Presentation

Two main types of performance data analyses aremmmmin the literature. The first type
involves description of the present status of tled#work, while the second type involves
prediction of the future condition of the network.

2.3.1 Performance Analysis Formats for Describifrgsent Network Condition Status

A wide range of formats have been used in exprggfia condition status of pavement
networks. These include:

a) Color-coded mapsdicating in a categorical manner, the conditdrll pavements in
the network. This is facilitated using GIS as al.to Petzold and Freun(990)
produced one of the earliest GIS applications &pldy and analyze the Highway
Performance Monitoring System. The Virginia Depait of Transportation has
used GIS to display the general pavement conditiongs road network by county,
as well as illustrating sections that are abovey,ner below established condition
threshold values.

b) Graphical representation$ pavement condition involve the use of histogsaand pie
charts to show the percentages of pavement in garieular condition (e.g., good,
fair, or poor). These can be broken down by highalass, political jurisdiction, etc.

c) Tabular summarieare very useful when information is sought on ecefir pavement
section. Tables can be used to display, for example sequential listing of all
pavement sections based on the performance indicalioes, or listings sorted by the
common highway name.

2.3.2 Performance Modeling for Describing Futuren@ition Status of Network

Knowledge of the future condition of the pavemestivork allows agencies to determine
maintenance and rehabilitation needs, prioritizaBohemes, and anticipated costs to bring the
network condition to a predetermined acceptableelleVhe future condition is determined
through prediction models. The requirements forettgyng reliable performance prediction
models have been outlined by Darter (1980) andidel

* Having an adequate database for the pavementsvicese

* Consideration of all variables that affect perfonte
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Selection of the appropriate functional form of thedel to represent the prevailing
pavement condition; and
Measures to assess the model precision and accuracy

Several different types of prediction models hagerbdiscussed in the literature but they can
be grouped into the following categories:

a)

b)

d)

Mechanistic Models According to Lytton (1987), mechanistic modelsegct
changes in some primary mechanistic response ofpgwement such as strain,
deflection, or stress caused by factors such ad, leamperature, and pavement
support.

Mechanistic-Empirical Models For mechanistic-empirical models, a response
parameter such as strain, stress, or deflectiorléged to measured structural or
functional deterioration, such as distress or roegs.

Empirical Models The models relate the change in condition to dige of the
pavement, loadings applied, or some combinatiotath. Empirical models are
commonly developed through the use of regressialysis. However, a newer
generation of methods including artificial neuratworks, genetic algorithms, and
fuzzy sets has also been used for empirical maaleldpment (AASHTO 2001).
Probabilistic ModelsThis model form describes the probability thggawement in a
known condition state at a known time will changesbme other condition state in
the next time period. Three types of probabilistiodels have been used in the
literature to develop condition models (Lytton 19&nd include: Markov Models,
Semi-Markov Models, and Survivor Curves.

Table 2.2 summarizes sample performance models edatresponding factors found
significant in explaining the variations in a padiar performance indicator. Although the
mechanistic and mechanistic-empirical models usesthain or stress properties of the asphalt
concrete, they do not relate the ultimate perforeaneasure (e.g., roughness) to the mix design
characteristics that produced the strain or sti®gsh information will be important in defining
mix specifications for yielding a certain perfornsaroutput.
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Table2.2 Sample Performance Outputsand Input Variables

Model Type Performance Output Performance Inputs| Pavement Type Model Source
1) (2) 3) 4) ()
NYSDOT Condition
Probabilistic Rating ranging from Age Riaid Delisle et al.,
(survivor curves) 1(poor) to 10 9 9 2003
(excellent)
Empirical based| FDOT pavement Age, maintenance
on Artificial condition Rating cycle, crack index, rut Flexible, Rigid | Yang et al., 2003
Neural Network | (PCR) index, ride index
Transverse joint
faulting, number of
. , ... | transverse cracks per . . . . .
Empirical b_ased Prgsent serviceability mile, number of ng_ld (jointed Huang, 2004
on regression rating (PSR) deteri . plain concrete)
eteriorated joints per
mile, number of full-
depth repair per mile,
Empirical based Surface deflection,
P : Rutting Rate vertical compressive | Flexible Huang, 2004
on regression
stress, ESAL
Tensile strain at
- Allowable load bottom of asphalt . Asphalt Institute,
Mechanistic o layer, dynamic Flexible
applications 1981
modulus of asphalt
mixture
Asphalt layer
Tensile strain at thickness, deflection
. difference at 305 and . Park and Kim,
Mechanistic bottom of asphalt .| Flexible
| 600 mm of the radial 2003
ayer .
distance from load
plate center.
Age, roadway surface
type, rehabilitation
state,
Mechgnlstlc- Roughness Strain energy at Flexible Queiroz, 1983
empirical bottom of asphalt
layer, cumulative
equivalent single axle
load
Horizontal tensile
Mechanistic- Percent pavement strain at bottom of . .
. asphalt layer, Flexible Queiroz, 1983
empirical area cracked

cumulative equivalen
single axle load

t
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2.4 Summary and Conclusions

A review was conducted regarding pertinent PMS dgpes generally collected for
modeling pavement performance. In addition, daigamization and integration issues were
examined, as well as analytical methods for modedind presenting performance related data.
Based on the review, the following observationsraagle:

» Data types collected for performance evaluation aratleling vary from agency to
agency depending on needs but the most common inakesle inventory, condition,
traffic volume, and maintenance and rehabilitation.

* Adoption of common referencing systems betweenouardata collection systems can
facilitate data integration for pavement performreneoodeling. There is evidence in the
literature to suggest that a major barrier for eeimg full data integration by agencies is
lack of common referencing systems compounded éyisie of different data formats.

* A Geographic Information System is an effective foo data integration among various
divisions within an organization.

 Major types of performance models include mechanistechanistic-empirical,
empirical, and probabilistic. Although the mechénisand mechanistic-empirical
models use the strain or stress properties of spaait concrete, they do not relate the
ultimate performance measure (e.g., roughnesshdartix design characteristics that
produced the strain or stress. Such informatiod @ important in defining mix
specifications for yielding a certain performancepuit.
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CHAPTER 3 Review of Wisconsin Flexible Pavement Related Databases

This chapter reviews the major flexible pavementablases for the purpose of
determining available data types for performanceleling, structures, contents, and additional
data needs where necessary. The major databas®gidoonsin flexible pavements include
design, construction, Meta-manager, and performabkeeh of the databases is briefly described
in the following sections.

3.1 Design Database

The design database found within the New ConstmudReport is a set of Microsoft
Access files organized by year from 2000 to 20@&&ch file has two key datasheets, namely,
ACOfficeandACField The ACofficedatasheet has a total of 544 records, which stam&ment
location (rural or urban, district, county, termby descriptive start and end points), construction
style (reconstruction, resurfacing, rehabilitatioopntract identification numbersdntractl,
contractd, project length, pavement surface thickneBstthick, milling depth, base type
(DGBC, CABC, OGBC2), pavement surface paved owvydévy, flexible pavement type,
surface yeargvmntyj, mix type denoted by HvMvLwase type (Standard, Superpave, SMA, AC
Warranty), and design ESAL magnitude. A@Field datasheet has a total of 5,620 records that
show fields representing site identification numfgte), sequence numbe8dng, beginning
reference point (RP), contract identification numf@®ntract?, highway name by direction for
all years except 2002, survey length (Survlen)gladirection, Asphalt or PCC, set value,
measured IRI, and rut depth (Rut) immediately aftarstruction.

3.2 Construction Database

The construction database consists of MicrosofteEspreadsheets organized by year
from 1997 to 2004. There are two key files, a gie$est log file GeneralLogsl997-2004.xIs
and a mix design data filelgta 1997-2004.x)s The design/test log file contains 2,380 records
that show fields representing the highway type (STddal, CTH, etc.), highway number or
letter, surface year, aggregate sources, projeettit;m (by descriptive start and end points),
county, district, project identification number,ntactor, PREfix, test number, mix type, and
ESAL category (E-0.3, E-1, etc) for 2001-2004. Tim& design data file shows mix design data
for 2,402 records. The mix design data consi$wsiC, %VMA, aggregate size distribution in
mix (3/4”, ¥2", 3/8”, #4, #8, #16, #30, #50, #10@08), %RAP, Gse, Gsb, Gmm, Gmb, dryback
correction, flow, stability, TSR, blows, anti-strggent, and asphalt cement characteristics (type,
source, specific gravity). In addition, the lathée lists contractor name, PRE, test number, type
that shows either ESAL category together with na@himaximum aggregate size (e.g., E-3
12.5R, for 12.5-mm NMAS mixes having RAP), or mype¢ (e.g., MV-3, SPPV, etc.) for
various records.
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3.3 Meta-Manager Database

Meta-Manager is a comprehensive, integrated databgstem for conducting needs and
performance analyses for pavements and bridgesis lipdated and distributed quarterly
(Javenkoski et al., 2005)lt is comprised of independent databases orgarbyecgion for all
five regions in Wisconsin. Each region consistsoak Excel spreadsheet workbook with
multiple datasheets, as well as, ArcGIS shape &t Arcinfo GIS coverage files that can be
used for geographic analysis. The workbook dattshieclude information on base, roadway,
unimproved pavement condition, improved pavemenidition, safety, pavement treatment
scoping, mobility, unimproved bridge condition, antgproved bridge condition.

The mobility and roadway datasheets contain pregec¢taffic volume data relevant to
pavement performance modeling. Both datasheetdifiylggavement segments using sequence
numbers, traffic segment identification numbersd dmom-and-to reference points. Other
relevant fields include highway number by directiprojected 2-way AADT, and percent trucks
for 1, 5, 10, 15, and 20-year periods from a base.y

3.4 Performance Indicator Database

The performance database commonly referred to Rsi®k relational database model
designed to store pavement inventory informatioaptare distress characteristics, and
summarize continuous ride/rutting data. The datmaintained on the host and can be served
out on CD-ROMs or DVDs in many formats, includingckbsoft Access.It contains pavement
inventory and condition data and has various cugeenforms to facilitate data entry. In
addition, it has several datasheets for tabulamsames of data. The key datasheets include the
descriptive (DESC), pavement distress index (PDdjony file, and International Roughness
Index (IRI) data.

The descriptive file identifies pavement segmentsséquence numbers, county name,
county number, district, from-to reference pointgm feature, highway number, highway
direction, functional class number, national higgwsystem designation, surface year and
original construction year. In addition, the dateth has fields for the segment length,
cumulative mileage, and roadbed soil type.

The IRI datasheet contains 153,461 records reptiagesegments tested between 1980
and 2005. Approximately 77% of the records pertaifiexible pavements. The datasheet lists
fields representing the sequence number, inverag gay-month-year segment was tested, the
surface year, surface type, air temperature, aeevatues for IRI, PSI, and Rut. In addition, it
lists the speed at which tests were conducted.

The PDI history datasheet has 65,535 records léxible pavement segments tested
between 1985 and 2005. It lists the segment segueamber, inverse year, test day-month-
year, surface year, distress type severity anchekte quantifying PDI.
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3.5 General Observations about Flexible Pavement Databases for Performance Modeling

Integration of information from disparate databaf@sperformance modeling requires
that semantic discrepancies within and betweenbdats be identified and alleviated. In
addition, key fields must be identified within amadross the databases to enable simple or
complex queries to be performed in order to retiti residing in the different databases. It is
also essential to identify the performance indiqa)o such as rutting, and check if all potential
influential variables are adequately representech s air voids and asphalt content.

3.5.1 Semantic Discrepancies in Databases

The semantic discrepancies between the databasesuarmarized in Table 3.1 and
include the use of different field names or labéat represent the same information,
inconsistent formats for data entry, and redunélalts for some databases.

Roadway segment identification varies from datalbasktabase. While the performance
and Meta-Manager databases use sequence numbersfarhce points to identify segments,
the construction and design databases use degeriptirds to define the start and end points of
whole projects, which in most cases may includetigial segments or sequence numbers. The
design and construction databases lack consisiengsoject identification based on format for
entering identification number®roj# and contractl are identical in format but naontract2
One format is necessary to relate the two databafbks would require a redundant
identification field (eithercontractlor contractd in the design database to be removed to save
valuable computer space and time for data entry.

Fields designated to help identify highways haveywg interpretations. In the
construction database, two fields are required dmpietely identify a highway without an
associated direction. The design database idestifighways in a variety of ways including,
specifying the highway with or without direction.ge 090E, 90). In both cases, an exclusive
field is also provided to indicate direction (e.pr E). While Meta-Manager uses a single field
to completely identify a highway by number and diien, the performance database uses two
fields (one for the highway number and the othetwestvely for direction). From efficiency and
time savings considerations, it may be appropt@identify a highway using the Meta-Manager
format, which uses one field for both highway numdned direction.

There is no clear distinction between ESAL and rtyge as they pertain to the
construction and design databases. ESAL is comegida specific value (e.g., 6 million) for
design but sometimes considered as a category Eelf)) representing a type of mix. Mix types
have also been specified alongside NMAS (e.g., SP®V). From performance modeling point
of view, the NMAS value may be required. Henceasiappropriate to have separate fields to
denote mix type and NMAS values to facilitate dataieval for performance analysis.

Formats for entering time events, such as pavemaface year, tend to vary between
the construction database and the other databa#ésle the construction database uses two
digits to indicate a particular surface year, tleefgrmance and design database use four digits
(e.g., 07 versus 2007).
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Table 3.1 Database Discrepancies

Database | Field label Intended meaning Comments
= 2 o) C li 8 d('4)' ber of the f
o e ontractl is an 8-digit number of the form
ggggggg E&?Tj]%gr'dentmcatlon 1234-56-78; Contract?2 is same as Contrag
without the dashes (12345678).
ESALS Design Equivalent 18-kip | Indicated as a specific number
single axle load value
. - Project termini specifies beginning and
Gen_loc Project termini ending points (e.g., Siren-CTH D).
Field label seems to suggest that only HV,
MV, LV mixes are applicable but some
HvMvLv | Mix type records for the field has SMA, E-0.3 and
higher mix types, as well as “warranty”
Design labels.
Starting point for Iri and rut -
RP measurements (e.g., 323T
1.2)
There is an additional field for direction
(Dir), even though the HWY field has
Highway by direction (e.g.,| direction associated with the highway (e.g.
HWY 090E) or just the highway | as in 090E) for all years except 2002. Note
number (e.g., 90 without | also that théAC Offiee HWY designation
direction). field uses 2-digits (e.g., 43) compared to 3
digits (043) as in thAC FieldHWY
designation field
Pvmntyr Pavement surface year Year is represestdedigits (e.g., 2004)
ESAL ESAL level category Designated as EO.3, Ehiginer
: A separate field (#) is used to denote the
HWY Highway type (e.g., STH, numlra)er or Ietter(lazael associated with the
CTH, USH) hi
ighway (e.g., 41 or K).
Proj # Project identification Proj # is an 8-digit number of the form
number 1234-56-78
Project beginning point -
START (e.g., USH 61)
Construction END Project end point -
(e.g., East Co. Line)
This field has records with HV, MV, and L\
with various designations e.g., MV-2, MV-
Type Mix type 2R. In addition, superpave mixes are label
with their corresponding NMAS in the sam
field (e.g., SPPV-19.0).
YR Pavement surface year Year is represented as the last 2-digits of

ed
e

year (e.g., 04 for 2004)

The
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Table 3.1 Database Discrepancies (cont.)

Database Field label Intended meaning Comments
(€] (2) 3) 4)
HWY&DIR | Highway and direction -
ISEQNO PIF segment ID number -
Meta-Manager e FRM | From RP :
PDP TO To RP -
Identification of segment -
From RP start location based on &
From Plus beginning reference point
(BRP) plus some distande
from the BRP
Identification of segment -
end location based on ar
TORP ending reference point
To Plus

Performance

(ERP) plus some distang
from the ERP

From Feature|

Feature denoting
beginning of segment
over which measuremen
is to be taken (e.g., Catli
Ave Intersection)

t

—

HWY No

Highway number without
direction

A separate field exists for highway
direction (Dir)

Sequence No.

Identification number to
locate field measuremer
sample segments

A unique number or field for relating
tall PIF components

Surf Year

Pavement surface year

Year is represented as 4-digits (e.qg.
2004); in some cases represented b
or 2 digits (e.g., 1 for 2001 and 91 fq

y 1

1991)

3.5.2 Database File Relations

A relational database is a collection of files tlaa¢ tied together by common fields
(Harris 1999). Table 3.2 shows the four main databases with coeadiiles or datasheets and
corresponding key fields that are used to relagéectimponent files. Table 3.3 on the other hand,
shows the databases and potential primary keysfigtldt can be used to relate the databases. The
sequence numbekey field is common for the performance and metmager databases in
relating their component files, while the constrmictand design databases have significantly
different key fields as indicated in Table 3.2. eTproject identification number in the
construction database may be a better primary kelgd than theTest# field for relating
component files in the construction database. Ehanly possible if the identification number
field can be included in theata 1997-2004.xl§le. The key to an integrated database system is
the inclusion from any data file of data fieldsttikan be used to connect other files. Table 3.3
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however, suggests that the construction databases ipresent form can neither be directly
related to the Meta-Manager nor the performancatdetes.

Table3.2 Key Fieldsfor Relating Database Component Files

Database Component files/datasheets relevant to Key field for relating
performance component files/datasheets
1) (2) 3)
Construction | GeneralLogs 1997-2004.xls Test #
data 1997-2004.xls
Design AC Office, AC Field Contract2
Performance| DESC, IRI, PDI _F Sequence number
Meta- Base, Roadway, Pave_Uimp, Pave_imp, SafetySequence number
manager Pave_Scope, Mobility, Bridge_Uimp,
Bridge_imp

Table 3.3 Potential Primary Key Fieldsfor Relating Databases

Database Construction Design Performance Meta-manager
1) (2) 3) (4) (5)
Construction - Contractl - -
Design Contractl - Sequence Nd -
Performance - Sequence No - Sequence No,
From RP-To RP
Meta-manager - Sequence Ng Sequence No, -
From RP-To RP

3.5.3 Database Variable Deficiencies for Performaiodeling

Darter (1980) outlined that a reliable predictiorodal ought to have an adequate
database based on in-service segments and comdidactors that affect performance. Thus,
from the standpoint of pavement performance, itessential to first identify the relevant
performance indicators and potential influentiatiatles, as well as the databases housing the
relevant group of variables. Table 3.4 depicts tha&n performance indicators, potential
influential variables by category and their cor@sging WisDOT databases. Table 3.4 indicates
that pavement structural layer components such as® land subbase thicknesses are not
represented in any of the databases; neither istthetural number, which represents the overall
indicator of the flexible pavement strength. Altlgb the PIF database provides some
information on subgrade type in terms of the pegiall soil names, it does not directly provide
the overall soil strength, for example, used in tlesign of the pavement. Structural layer
property information may be obtained from the pasemnstructural design section of the
Foundation and Pavement Unit and incorporatederddtabase.
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Table 3.4 Performance Indicatorsand I nfluential Factors

Performance Influential Variable Potential Influential Variables Database housing
Indicator Category Influential Variable
1) 2) 3) 4)
Surface thickness Design
Base thickness
Base type Design
Subbase thickness
Subgrade type PIF
Structural number
Surface year (for age determinatigripesign, PIF
Regional location Design, PIF
Environmental Mean monthly or annual
temperature
Mean monthly or annual rainfall
IRI Freeze-thaw cycles
As-built density
RUT AC content Construction
PDI AC type and source Construction
VMA Construction
Distress Construction V_FB '
Air voids
Aggregate size distribution Construction
NMAS Construction
TSR Construction
Heavy vehicles Meta-Manager
Traffic AADT Meta-Manager
ESAL

Functional Class

PIF

Maintenance

Treatment type

Surface condition prior to treatment

Treatment year

Treatment cost

Environmental conditions such
on pavement performance. With the

as rainfall, freezawnt cycles, and aging have an impact
exception of agee of the other variables is currently

addressed in the databasdhere are approximately 18 weather stations in dfage, each

containing about 10 years of climatic data. tdsommended that the appropriate weather data
be assigned to a specific pavement segm@mt.alternative approach to this may be using the
pavement regional location based on WisDOT'’s fiegion demarcation of the state or location
based on North, Central, and South Zones using $aine Coordinate boundaries established
by the Wisconsin State Cartographer’s Office (1995)the absence of detailed temperature or
climatic data, the pavement regional location camindeled as dummy variable to allow the
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effects of climate to be accounted for in perforoeanalysis. An application and analysis using
the three zones can be found in a report by OwnduSahmitt (2003).

Traffic volume is represented in Meta-Manager ageguted 2-way AADT, and percent
trucks for 1, 5, 10, 15, and 20-year periods frobase year. The traffic reported in the database
are projections and do not reflect the actual domB corresponding to specific values of
performance. With WisDOT’s move towards the AASHMe&chanistic-Empirical Pavement
Design Guide, the use of ESAL may not be needegenmormance modeling. However, the
functional class may be used as a surrogate ftiictia the absence of detailed traffic counts.
Poor construction practices can result in poorgering pavements. Schmitt et al. (2007)
observed that PDI on Wisconsin rural arterials eased with increased as-built density. Thus, it
is essential in the modeling process to understia@delationship between the density and mix
parameters and how they in turn relate to the atdicof performance. Table 3.4 indicates that
some relevant construction data such as as-buiiyeare not represented in the construction
database. Elements of maintenance and rehaloifitatiactices generally do not exist in any of
the databases, with the exception of patching aamckcsealing found in the PIF database.

3.5.4 Location Referencing Indicators

In order to physically relate specific informatimom a database to the road network or
segments, there must be some form of a locati@reeting indicator (LRI) to help identify the
segment(s) of interest. Table 3.5 shows the LRe&xh of the databases. As much as these LRI
currently meet their intended purposes, they angdd in their ability to link with coordinate-
based databases. Recent technological advancemertsmputing and highway technology
suggest a shift towards global positioning systepr@ach for determining location.

Table3.5 Location Referencing Indicators

Database Location Referencing Indicators
1) (2)
Performance (PIF)—Segment Rut, IR, From_RP, Frdoms Po_RP, To_Plus;
Sequence number

Performance—Segment PDI Sequence number
Design—Structural layer properties Contract2
Construction—Mix properties Test #
Construction—Aggregate sources Project #
Meta-Manager—Traffic (AADT) Sequence number, FrorR B RP
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CHAPTER 4 Database Integration for Performance M odeling

The overall purpose of data integration in this jgeb was to facilitate pavement
performance modeling. The integration process welan understanding of several elements
including data types and formats to be collected aranaged, LRI, database structures and
relationships, software and hardware requiremerstsyell as institutional issues involved in the
implementation and use of the system.

The Federal Highway Administration (FHWA) describédo alternatives to data
integration including data fusion and interoperatd¢éabases (2001). The former combines data
from multiple sources into a single database, wihiéelatter relate data from different databases
through a series of queries. A review of the WidDdatabases outlined in the previous chapter
revealed several integration challenges includingdequate representation of influential
variables for performance, limited capabilities linking databases, semantic discrepancies
between the databases in terms of the use of @iffdreld names or labels that represent the
same information, inconsistent formats for datayerand redundant fields for some databases.
Thus, regardless of the selected alternative, teesgantic differences will have to be initially
addressed. The semantic discrepancies can besaddrby producing a single data dictionary
for all system designers and users. Databasedéskaan be facilitated by identifying logical
associations between databases that would resutteaningful correlations for performance
modeling. Relevant missing performance influenteiables identified in Table 3.4 would need
to be gathered to yield more robust performanceeaisod

4.1 Location Referencing Based on Reference Point System

A single database system modeled after the Metaaljlemsystem is being proposed as
an alternative. It will consist of six independéalbles representing the variables in columns 1
and 2 of Table 3.4. For these tables to be ap@tefy linked to each other (as in a relational
database), a common LRI to aid in segment ideatiba is needed. The basic LRI proposed is
based on the WisDOT reference point (RP) systehis particularly involves the conversion of
construction projects’ termini, as well as the tstard end locations of all test lots/sections in
terms of the WisDOT reference point system. Oinig is done, construction data measures
such as as-built density, JMF, and aggregate sswssociated with particular lots/section for
given reference point interval can be aligned withresponding field performance data. Table
3.5 indicates that this approach is feasible stheeperformance data for segments already uses
the RP system for location referencing.

Figure 4.1 provides a schematic of overlaying dadab for the purpose of assigning data
attributes to pavement segments based on the Re&erBoint System. In this figure,
performance data are identified by sequence numbanite design, traffic, and environmental
data are continuous across the given constructpdesg. Construction data for the contractor’s
Job Mix Formula (JMF) and Ride data overlay tharerroject. Where there is a JMF change
during construction, the appropriate change camhbde using the construction stationing and
conversion process provided in the following sewiof this report. Construction mix properties
and density require the actual as-built test valudgere mix properties are in the individual test
result, and density is the average of 5 or 7 tests/50-ton lot. Because of the relatively large
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standard deviation associated with determining itheiiSchmitt et al. 2006), at this time it is
recommended that the average for the lot be usedssigning an as-built density to the
appropriate sequence number. Further researabcesnimended to determine the appropriate
assignment of as-built construction data to a gleeation reference.

0. 3mr 0 1lmi 0 4mr

FPerformance I 1.0 miles I 0.9 miles I 1.2 miles

Desizn

C'ongtiuction -
Job MNix Formula

C'ongtiuction -
Mis Properties 600 tonsg 900 tong 1200 tonsg 1500 tong

C'ongtiuction -
Densitv 750 tons 750 tons 750 tons 750 tons 750 tons

C'ongtiuction -

Ride

Tratfic

Environmental

Figure4.1 Overlay of Databases using Reference Point System

4.2 Conversion of Construction Stationing to Reference Point

At the present time, WisDOT does not have a defprededure for relating construction
stationing to the reference point system. In otdecomplete the alignment and integration of
applicable HMA databases to model pavement perfoceaver time, construction plan sets and
field data were necessarily obtained. Plan seteéch pavement project, formatted as PDF
files, were obtained via email or an ftp website:(/ftp.dot.state.wi.us/publised by WisDOT,
depending upon the method preferred by each relgodinee.

Using the existing reference point system, an ayedf the project stationing with the
pre-existing reference point system was completedséveral sample projects. In order to
measure the PDI, an automated performance surtaies continuously from an intersection or
some other distinguishable feature, such as a®madgounty line. The recorded length begins
0.3 miles from a reference point for a length df tiles; therefore, as depicted by the shaded
areas in Figure 4.2, the performance is recordéaesn 0.3 to 0.4 miles after a pre-determined
point.
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Figure4.2 Ride Quality Measurement Methodology.

Construction plan sets were needed so that a detion could be made as to where the
pre-assigned points were with respect to each girojBased on current WisDOT practice and
assessment by the Pavement Management Unit, there way to equate an RP with project
stationing without visually interpreting the plandaprofile sheets for each project (Vils 2007).
Not all plans have stationing; some plans use vghihown as log mile, or the total cumulative
mileage on a particular highway starting from whtre highway begins in the state or at the
state border this mileage continues until the higywnds in the state or again at the state line.
When working with the plans to determine which R&yrhe affected, a visual inspection of the
plan is necessary. The stationing and log milegirered, and both side road names or names of
roads going over or under the mainline highwaymaaéched with the appropriate RP.

A sample project overlay is displayed in Table 4Here, the sequence number, depicted
earlier as the name for the RP used in the PDI uneasent, was matched up with the stationing
of the project. Then the aforementioned ride-dquathieasurement methodology was applied to
determine exactly where on the project the measem&nwere being taken. This data
conversion ranged from 10 to 45 minutes per coostnu project, depending upon the length of
the project and whether the stationing of the mfee point was labeled or whether it needed to
be obtained using a scale.

TheLengthcolumn is the length between sequence numbers.Bé&h STAcolumn is the
beginning project stationing from the plan setshe Btart 0.3 — 0.4column is theBeg STA
column with 1,584 feet added (number of feet taine@.3-mile starting point). Thiend 0.3 —
0.4 column is theBeg STAcolumn with 2,112 feet added (number of feet s&che0.4 miles). In
this example, any data obtained between statio®-d@= and 1045+30 can be correlated with
the PDI sequence number of 20820 to determine ¢n®nmnance of the HMA pavement over
time.
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Table4.1 Sequence Number/Project Stationing Overlay (USH 18, Project |.D. 1660-04-73)

Start 0.3 - End 0.3 -
Sequence Length, Intersection Beg STA, 0.4, 0.4,
Number mile ft. ft. ft.
1) (2) (3) (4) (5) (6)
20820 1.47 | GRANT-IOWA CO LN 102418.0 104002.4 102,63
20830 151 | CTHXXINTR 110188.3 111772.3 112300}3
20840 1.02 | ANDERSON LA INT 118170.1 119754.] 120282
20850 1.00 | VICKERMAN RD INT 123523.8 125107.8 12568
20860 101 | STHB8ON&CTHGL 128831.6 130415.6 uRe
20870 0.72 | CTHJINTR 134135.7 135719.7 136247.7
20880 1.26 | WHITSON RD INT R 137927.5 139511.% 14083
20890 1.01 | STH39EINTR 144617.9 146201.9 146729.9
20900 0.94 | SUNNY SLOPE RD R 149949.9 1515339 15306
20910 1.09 | BETHLEHEM RD INT 154922.5 156506.5 15463
20920 1.00 | CTHQ (BERGRD)R 160658.7 1622427 rezrw
20930 0.90 | TN OF DODGEVILLE 165938.7 167522.7 16805
20940 1.26 | CTH Q (SURVEY RD) 171084.3 172668.3 pE33
20950 0.78 | USH 18W INT L 177737.1 179321.1 179849.1

4.3 Assignment of Construction Data to Sequence Numbers

The alignment of construction data measures withd@Quence numbers is necessary to
determine the effects each asphaltic concrete propas on the durability of road sections over
time. Construction data measures included in ligaraent were aggregate gradation, aggregate
blend, bitumen data, mixture data, optimum aspt@itent properties, and JMF properties. For
each of the properties, field and design data walsided if available.

4.3.1 Job Mix Formula

JMF data were obtained from the contractor forptugect. An example of a portion of
the JMF data overlay table is displayed in Tabk 4.

The data displayed under the heading column heallfgare the optimum values for
each of the sieve sizes as designed; these valaes abtained directly from the documents
provided by the contractor. However, tbmily Averagevalues that are displayed were
calculated. Each day, anywhere from two to fiviéedent samples was taken, and a moving
average calculated for the four most recent tesilt® However, it should be noted that road
sections were placed over two days for Sequencebdisr61780 and 61790. In order to obtain
the Daily Averagefor these cells, a weighted average was takerzingjithe daily average from
each day. This weighted average was then inpliate 4.2. TheDaily Averagecalculation
methodology for the %2” sieve for Sequence Numbeéf86lis as follows: four samples were
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taken on 8/9/07, which had a daily average of 98 three samples were taken on 8/6/07,
which had a daily average of 91.9. These averages then weighted, as shown by Equation
4.1, to provide th®aily Averagevalue that was entered into Table 4.2.

Table4.2 Sequence Number/JMF Data Overlay (USH 45, Project 1.D. 9847-03-60)

Sequence Date Daily Daily Daily JMF, | JMF, | JMF | JMF JMF JMF
Number | Placed | Average,| Average,| Average | 1/2” 3/8” | AC | Pbe | Pyog;dPbe| Plant
1/2” 3/8” AC Calc Calc Mix
Temp.

1) (2) 3) (4) (5) (6) (7) 1(8) | (9 (10) (11)
61760 8/9/07 93.4 82.5 5.07 91.3 8119 510 4.64 7 0.8 280-320
61770 8/9/07 93.4 82.5 5.07 91.3 8119 510 4.64 7 0.8 280-320

8/9/07 &
61780 8/6/07 92.8 82.0 513 91.3 81.9| 5.10 4.64 0.87 280-320

8/6/07 & y
61790 8/2/07 91.6 81.3 520 90.7 80.9| 5.20 4.70 0.81 280-320
61800 8/2/07 91.3 81.2 5.19 90.7 809 520 4.70 1 0.8 280-320
61810 8/2/07 91.3 81.2 5.19 90.7 809 520 4.70 1 0.8 280-320
61820 8/2/07 91.3 81.2 5.19 90.7 809 520 4.70 1 0.8 280-320
61830 8/2/07 91.3 81.2 5.19 90.7 809 520 4.70 1 0.8 280-320

. 47 934+3[919
DailyAveragg,,. = - =928 ......... (Eq. 4.1)

4.3.2 Density

sample of this data is provided in Table 4.3.

Density data was also obtained from the documentsiged by the contractor.

A

Table 4.3 Sequence Number and Density Data Overlay (USH 45, Project 1.D. 9847-03-60)

Sequence| Date Placed Density Density

Number Lower Lift Upper Lift
1) (2) 3 4)

61760 8/9/07 - 93.2
61770 8/9/07 - 92.9
61780 8/9/07 & 8/6/07 - 93.1
61790 8/6/07 & 8/2/07 - 93.3
61800 8/2/07 - 93.4
61810 8/2/07 - 92.6
61820 8/2/07 - 93.5
61830 8/2/07 - 93.7
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Determining the density for the upper and lowdis lifollows the same calculation
procedure as thPaily Averagedescribed earlier, depending upon whether thevaf$ placed in
one or two days. For this project, only a wedge single surface layer were paved.

4.3.3 Mix Properties

Multiple mix properties were given in the documeptevided by the contractor. A
sample of the data provided is given in Table 4.4.

Table4.4 Sequence Number and Mix Properties Overlay (USH 45, 1.D. 9847-03-60)
Sequence Date Placed Daily Daily Daily Daily Opt. Opt. | Opt. Opt.
Number Average| Average| Average| Average| Gmm | Gmb | Voids | VMA

Gmm Gmb Voids VMA
1) (2) (3) (4) (5) (6) @) (8) 9) (10)
61760 8/9/07 2.509 2.420 3.5 14.7 2516 2.416 40 481
61770 8/9/07 2.509 2.420 3.5 14.7 2516 2.416 40 481
61780 8/9/07 & 8/6/07 2.509 2.416 3.7 14.9 2516 41@., 4.0 14.8
61790 8/6/07 & 8/2/07 2.510 2.41( 4.0 15.1 2513412 4.0 15.0
61800 8/2/07 2.510 2.410 4.0 15.1 2513 2.413 40 501
61810 8/2/07 2.510 2.410 4.0 15.1 2513 2.413 40 501
61820 8/2/07 2.510 2.410 4.0 15.1] 2513 2.413 40 501
61830 8/2/07 2.510 2.410 4.0 15.1] 2513 2.413 40 501

Data that is not displayed in Table 4.4 but isudeld in the spreadsheet were design
aggregate blend, bitumen data, mixture data, agdeggte data. ThBaily Averagecolumns
were again calculated as described earlier, an@gienumvalues were recorded directly from
the documents provided by the contractor.

The time consumed while completing this overlays\agproximately 30 minutes. This
approximation is based on the fact that the cooBtmu data measures were provided in
electronic instead of paper form. An increasehi@ amount of time necessary to complete an
overlay is likely if the construction data measuaes presented in paper form. Since this project
was constructed in 2007, and no other as-built tcocison data was entered at this time, a
demonstration GIS-based integration was not passibl

4.4 Database I ntegration and Performance M odeling Using GIS

Star and Estes (1990)efine GIS as “an information system that is destgto work
with data referenced by spatial or geographic doatds. In other words, a GIS is both a
database system with specific capabilities for iapgtreferenced data, as well as a set of
operations for working with the data”. A reviewtbe literature suggests that GIS is an effective
tool for integrating data from disparate datababes reside locally or at a remote location.
Access to remote databases is made possible thtbadblS database connection capabilities.
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4.4.1 Basic Elements of GIS

The basic elements of GIS include data, a commytstem, and GIS software. The data
consist of geospatial (e.g., maps) and nonspadia @b.g., data tables that relate to features on a
map). The computer system includes the computer gpetating system to run GIS. The
software consists of the program and the userfatder(e.g., menus, icons, command lines and
scripts) for driving the hardware. In GIS, a comnuata source includes a reference or base
map, which enables specific queries about relatéd thbles to be visualized on a dynamic map.
A sample base map is shown in Figure 4.3 for Wistos network of roads. The map was
derived from five geographic shape files (geo.s@pyesenting the 2005 STH network for the
five regions of Wisconsin. According to Javenkoskial. (2005), these shape files have been
produced in accordance with the requirements fer Nlorth American Datum of 1983 High
Accuracy Reference Network (NAD83 HARN). The shdpes were imported into GIS
software (Arcview™) from the Meta-Manager database. To make the mrsaa single theme
rather than five separate themes, the maps weréinethusing the Geoprocessing wizard tool
in Arcview™.

NZDDE STH Network

300000 0 300000 600000 Feet

Figure4.3 STH Network Base Map Generated in GIS
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4.4.2 The Role of GIS in Performance Modeling

The ability of GIS to process, display, and integrdifferent data sources makes it an
invaluable tool in the modeling process. For exi@n@ata reporting is a key means by which
pavement management data is ultimately presentdddision-makers at all management levels
within an agency and also to the public. FHWA (I)PBas suggested that to meet the objective
of data presentation to a given audience, the tdsto be tailored for that particular audience.
This is where GIS can be used as a powerful toohinlern day pavement management. For
example, with the aid of GIS the highway network d¢ee color coded according to segment
condition score. This allows the intended audietwedevelop an immediate sense of the
condition of an entire network. Once prioritizatibsts have been compiled, they too can be
color coded by treatment type in a map-based farnkatrthermore, the modeled relationship
between network deterioration with varying fundileyels can be graphically shown. This
enables decision-makers to see what happens tetherk for various funding level scenarios.

The process of modeling may take place in a Gl&auire the linking of a GIS to other
computer programs. There are GIS packages, suénc&dS or IDRISI, that have analytical
functions for modeling. However, it is advised tttea GIS package cannot accommodate
statistical analysis as well as a commercial stesisanalysis packages, or perform dynamic
simulation efficiently. In those cases, it mayri@eessary to link the GIS to a statistical analysis
package or a simulation program.

Various researchers (Corwin et al. 1997; Brimicorab83) have described scenarios for
linking a GIS to other computer programs. Thesenados fall into three main categories
including loose coupling, tight coupling, and anbemded system. The loose coupling involves
the transfer of data files between the GIS andrqgithgrams. This scenario requires data files to
be manipulated to be exported or imported unlessitterface has already been established
between the GIS and the target program. Thusopedance data can be exported into a
statistical analysis package from the GIS and #waults imported back to the GIS for data
visualization or display. The tight coupling give® GIS and other programs a common user
interface. An embedded system bundles the GlSo#mat programs with shared memory and a
common interface. In ArcGIS for example, the Gatistical Analyst extension provides
geostatistical functions embedded into a GIS emvirent.

In this project, a loose coupling approach is psmubh the reason being that a GIS
package cannot accommodate statistical analysigelisas a statistical analysis package. The
loose coupling approach is depicted in the fram&vabrown in Figure 4.4. The performance-
related inputs from the different databases ararorgd and imported into a GIS environment
for basic data display and statistical analysise Hata is further processed for transfer into
advanced statistical software for statistical mmdgeIModel results are fed back into the GIS and
further displayed based on a simple or compoundeatunal query.
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/User Input Requirements \ GIS Design & Testing

for Performance-related GIS *Software & hardware considerations
*Highway network base map *Map projections and coordinate system
*Pavement structure considerations

*Traffic p»| e<Database structure(s) & SQL considerations
*Performance

*Environment
*Construction
*Maintenance & rehab

\ /

GIS Data
processing
*Organization
*Formats for export
*Basic analysis

GIS Data Reporting for Target

Audiences Advanced Statistical
*Map-based reports Analysis _ _
*Tables & graphs «Software considerations
eSummary statistics «Statistical output

Figure4.4 Framework for Linking Gl Swith Statistical Package for Performance
Modeling

4.4.3 Database Integration Example Using GIS

The integration process in the demonstration Gi®lired the inclusion of data elements
that can be used to connect other database fifégure 4.5 shows an example of hanap,
performance, design, and layer properties data baee integrated. The attribute table of the
map (Attributes of 2005 STH Network) is linked withe performance data (IRI history) using
the two fields that describe identical sequence bemior segments. ThiRIhistory is in turn
linked to the design database (dsgacfield2000to2@®4 using the same sequence number
description fields. The design database on therdihed, is linked with the layer properties
databaselsgacoffice2000to2004.dtifrough fields that describe the contract numbepfojects
(Contract2). After integrating the different databés, a query to identify all flexible pavements
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in the Southwest Region surfaced between 2000 &% 2vas performed. This query was
performed only on thé&RlIhistory table, and since all the databases were integrdtedselected
pavement segments (highlighted in yellow) couldraeked in all database tables as shown in
Figure 4.5.

"2 PPAS Study _|of x|
o 2005 STH Network _*| "~ Attributes of 2005 STH Network
§61]] 7750] 1939 0 0 msr.aesej‘
662, | 7760] 1939 0 0/ 28328788
63 | 7770] 5546 0 o es0ziz_|
664 | 7770 6176 0 0] 835249
665 | 7760 6176 0 0/ 1524.476%
666 | 7790 617 0 0/ 1607.7347%t
667! | 7800] €176 0 0/ 1639.923%
7810] 3758 0 0/ 15760017t
7820] 3758 0 0 8476704
670 7820 1845 0 0/ 1068.6044¢
— : 671 7830] 1845 0 0 11989613
— 672 7830 0 0 9237638~
d d2000102004.db |01 X
Site Ao ; Suns
1048 550 TostYoar | SufYowr | Sutf Type | Forf| s Tem ;
104|8 181000 2006 3 1F o1 il
1047 145220 2004 4 1F |07
1047 145220 2005 4 1F |07
1046 141020 2003 2 1F 07
104/ 6 141020 2005 2 1/F 07
e — 134650 2005 0 1F o7
0415 134650 2003 0 1/F 07
04/4 il 134650 2001 0 1.F |07
3 134650 2000 0 1F |07
134640 2005 0 11F lon
134640 2003 0 1F lon -
. ‘l - e aan Rl ~ I - - i jl
55500174] 59 Cooksvll | Pagne and 7 i_"
60700071 68 FoxLake | Northeast 1
10660171 94 STH26. | Payne and 3
16600373/ 18 Fennimore | Mathy Con 1
16900460 Mathy Con 8
52450060 | 23 Daringto | Mathy Con 23
33150063 | 14 IH90-S | Rock Road 5
51550175 | 14 Dregon By | Frank Bro 3 -
B — 3

Figure4.5 Integrated Databasesfor Flexible Pavementsin Southwest Region

4.4.3.1 GIS Data Processing

The framework presented in Figure 4.4 requires @t to be processed by organizing,
formatting, conducting basic analysis in GIS, amxgogting the formatted data to advanced
statistical software for modeling. The organizatiand formatting of the selected records
(highlighted in yellow in Figure 4.5) involved tvatages. First, the results in each database table
were exported as a separdtmsefile and then brought back into the GIS. The secstage
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involved combining all the files into a single tahising a “Join” operation tool in GIS. At this
time, fields not relevant to the performance madgprocess were turned off.

4.4.3.1.1 Basic Data Analyses in GIS

Sample basic analyses conducted in GIS includelsitmgr charts, basic statistics, and
tabular summaries of data. A bar chart and summtatystics of rut depth values for newly
constructed flexible pavements in the SouthwestidRegre respectively shown in Figures 4.6
and 4.7. Lower ESAL pavements, along with eith®& & MV pavements, had a greater mean
rut depth. Although these simplified plots lacktistical rigor, they provide a basis from which
to start. Figure 4.8 is a summary of age and tlesk characteristics of pavements constructed
between 2000 and 2005.

0.08
WED3
EE1
008 — WE10
[IE-3
Mean Rut Depth (in) gy ] B E o
O Hy
[ h
0.02 B s
B warranty
Mote: Data covers pavements built between 2000 and 2005

Figure4.6 Average Rut Depthsfor Newly Constructed Pavements

“} Statistics for Pymntyriri field

Sum: 1238.61 -
Count: 1514 =
b ean: 0.82

b awirum: 2,11

Minirmurn: 0.43

Range: 1.68

Yanance; 0.05

Standard Deviation; 0.22

Figure4.7 Basic Statisticsfor Newly Constructed Pavement IRI
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Figure4.8 Ageand Surface Thickness Summary

4.4.3.1.2 Data Analysis Using Advanced StatistBaftware

The combined table described earlier was exporteda adbase file into advanced
statistical software (STATGRAPHICY) for performance modeling. Sample basic plots are
shown in Figures 4.9 and 4.10, while a model ne¢ptut depth progression and other influential
factors (age, surface thickness, flexible pavermgrg, and measured rut depth immediately after
construction) is shown in Table 4.5. The model iasher imported back into the GIS to
generate map-based reports such as presented ureHgll, which shows segments in the
Southwest Region that have average rut depth grébate 1/8 inch at age six years.

B>

[ CEtpisEEERiSE> D> D
[ CEBLBIBEEERISEREDIS > D> >

Average Rut (100thsof an inch)
8

Age (years)

Figure4.9 Mean Rut Depth Variationswith Surface Age
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Figure 4.10 Rutting Progression Based on Initial Rut Depth at Construction

Table 4.5 Performance Model for Flexible Pavementsin the Southwest Region

Model Form Adj. R, % DF
1) (2) 3)
RUT_AVG= 3.08024 + 1.35802Zge+ 68.4144tRUT -0.31183H - 49.1 1506

1.63926Typ

RUT_AVG =Average rut depth (100ths of an inch)

Age =Pavement age in years

IRUT = Construction year RUT depth (inches)
h= Pavement surface thickness (inches)
STyp =flexible pavement type (1 = type 3, 0 = type 1)
DF = Degrees of Freedom to develop model

= PPAS Siudy

ﬂ Srant el

] 2005 =th netak shp

Figure4.11 Segmentswith Rut Depth in Excessof 1/8-in at Age6 Years

35




CHAPTER 5 Guideinesfor Development of Performance M odels

Performance models are used as a tool by pavemegieers to determine the present
and future conditions of a network of pavementss tommon practice for agencies to set target
performance values for their pavements, and peradlgi determine the proportions that meet,
exceed or fall below the set target. This infororatis further used to determine appropriate
maintenance and rehabilitation options, as welplas program work load and corresponding
budget.

The purpose of this chapter is to provide guidalifee developing performance models.
The guidelines identify a set of issues that mesttdressed prior to engaging in any active
modeling of performance. Traditional statisticathods relevant to performance modeling are
reviewed and sample analyses pertaining to théstitat methods are presented. All sample
analyses are based on flexible pavement performdatze gathered between 2000 and 2005 in
the Southwest Region of Wisconsin.

5.1 Considerationsfor Performance M odel Development

Issues involving performance of pavements oftefedih focus and scope depending on
the agency (i.e., state, county, and local) andiiheagement level involved. Knowledge about
the pertinent issues can provide a basis for itlemgj performance data needs and analytical
methods to support decision-making at any of tloeganizational levels including technical,
administrative, and legislative levels. The adsti@itive and legislative organizational levels
tend to emphasize justification for budget requestsle the technical level focuses on the data
requirements for decision-making at the variouglev Prior to developing performance models,
it is essential to consider a number of issues asch

a. Indicator of performance (IRI, PDI, specific digse deflection etc).

Performance can be classified as functional ocsiral. Functional performance
relates to the ability of pavements to provide aati safe ride, whilst structural

performance deals with the ability to withstandficaand environmental loads.

If functional performance is of interest then adigator such as IRI or skidding

friction will be required compared to deflection aispecific load related distress
where structural inadequacy of pavements is what iisterest to the modeler. In
these instances, the influential factors, and hetat needs might be different.

b. Intended purpose of the performance model.
If the intended purpose of the model, for examdeto describe the existing
network condition, then analytical methods suctsasimary statistics or basic
plots for the performance indicator may be all tsanheeded and no effort is
required in acquiring data that may explain thedtwon. If future network
conditions are required, then a full performancelei@ependent on an extensive
database will be required.
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c. Type of administrative, legislative, and technidatisions that model will support.

At the administrative or legislative level, the d®ped model must be capable of
addressing various funding scenarios on the stdttiee network or determine the
funding level to keep network in some specifieddibaon. In addition, the model
must be capable of addressing the short-term and-term impacts on the
present and future status of the network if maiamtee is deferred by funding
budget request at a future year. At the techi&adl, the model must be capable
of predicting network performance values for congmar with prescribed target
values to enable appropriate maintenance or retmioh strategies to be
developed. The decision categories listed pointhécfact that a full performance
model dependent on an extensive data will be reduir

d. Availability and adequacy of data to characterizeael to meet the intended purpose.
The more data there are, the better the model iesplariations in performance.
Data sufficiency can be explored using statistroathods that focus on sample
size determination.

e. How to assess model effectiveness (precision acaracy).
Statistical and model validation methods can be leyeg to judge model
effectiveness. Randomly select a portion of the&ada develop a model, then
apply the remaining data to the model to assesdrgss of fit.

f. How model-generated results will be presentedtenitied audience.
It is essential that reports or information be walmmunicated to facilitate the
understanding of the target audience. Dependinghenintended audience,
formats such as tabular summaries of data, gralprepaesentations, and color-
coded maps can be considered.

5.2 Model Development Framework

Once pertinent issues such as those listed undéposes.1 have been considered, the
modeling process can begin. The general frameworkpérformance modeling is shown by
Equation 5.1, where performance, as measured layteydar indicator (IRI, PDI etc.), is treated
as a dependent variable, which is dictated by designstruction, traffic, and environmental
parameters.

Performance = f {Design, Construction, Traffic, aaavironment} ...... (5.1)

The modeling process involves the various ways lckv the parameters on the right
hand side of Equation 5.1 can be formulated anchexk adequacy of the resulting model to
describe the data. There is no single approaateweloping performance models since issues
differ in focus and in scope. Hence, the mode&s to adapt to features of the data and attempt
to best describe the relationships between vasablehe literature review identified the major
types of performance models to include mechanistiechanistic-empirical, empirical, and
probabilistic. Each of these model forms was catdxd using some sort of statistical approach.
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Hence, in the following sections, relevant statadtimethods applicable to modeling are
presented and sample practical applications aredsimated.

5.3 Review and Application of Relevant Statistical M ethods for Perfor mance M odeling

There are a wealth of textbooks on statisticalre@eand the application of statistics to

highway pavement design and construction. Sewadistical methods available to understand
the data and develop performance models, inclujearfalysis of variance, (2) comparison of

means, (3) detection of outliers, and (4) regressanalysis.

Table 5.1 presents specific

applications and the recommended statistical thosommended for a specific application. A
brief description of these methods as they appiMA performance modeling follows.

Tableb5.1 Statistical Applications and Recommended Approaches

Index | Application Statistical Approach Equation

) 2 3 4)

1 Determining | Statistical distributions and statistical Population parameters unknow
whether data | parameterscan assist in determining samplend only estimated
is enough to | size. Any number of samples is valid,
develop a provided they were randomly chosen. The t(s) 2
performance | t-distribution is used for small sample sizesn = n<30
model (i.e. | when the population is not known (n<30), (PREC}
how many while the normal distribution (z statistic) i
pavement used for larger sample sizes when the Population parameters known
sample population statistics are known (or

units/segment
are needed)?

s reasonably well known). Precision and
confidence interval estimati@quations can
provide an interrelationship of sample size
standard deviation, and confidence level.

2(0) Y
n:( J n>30
PREC

> Where,

n = required sample size;

t = standard sample variate wit
significance levetr for a one-
sided test oni/2 for a two-sided
test;

s =sample standard deviation;
PREC = desired level of
precision.

z = standard normal variates
with significance levet: for a
one-sided test ax/2 for a two-
sided test;

0 = assumed known (or
reasonably well known) standa

rd

deviation.
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Table5.1 (Cont.)

Developing Confidence Intervalsan be constructed o
confidence in | around a target value using the chosen leyé}.l. = Meant (Z * —j

an estimate | of confidence (i.e., 95%), underlying \/ﬁ

(e.g., what variability, and sample size.

proportion of Where,

pavement C.l. = confidence interval
segments megt z = standard normal variates
a targeted o = assumed known (or
Szmzrma;ce reasonably well known)
specific standard devllatlon.

year)? n = sample size

Stratifying Analysis of Variancean detect whether _ MS(BetweerFeature)

data in terms
of pavement

there is a difference between features of ¢
(age group, region, pavement type, PG

iﬁ@ature
W

MS (Within Feature)
here,

features Binder Grade, etc.), while incorporating the _
variability into the determination. MS Betwgen B I\/Iean.Square
Significant differences between features @ et"Ve‘."-‘”. a_ta groups,
be detected using Analysis of Variance. S Within = Mean Square
between data groups;
Comparing F-testsandt-testscan provide a statistical

results among
feature

comparison of meandaired-sample t-test
are used when data are collected from thg

categories same pavement from year-to-year, while aWhere'
two-sample t-tess used when the pavemer - :
segments are independent of each other.| Xi = sample mean i;

t = the value of for the
significance leveb and the
degrees of freedowm
v = (n + np—-2); and
n and & = represent the
respective size and variance
for sample .

Looking for Outliers or data points that are abnormal _

trouble signs | from a distribution, can detect trouble signs- _ X =X

in Several standard tests for outliers exist, ah ™'~ g

performance | the chi-square or other goodness-of-fit test\where,

data can be used to check normality. X, = data value i:
X = the sample mean; and
S=the sample standard
deviation.

Reporting Beginning withsimple fundamental Line graph, bar chart. pie

pavement statistical measureis always the best start| chart, table, and box-and-

performance | (plot the data, calculate tleverageand whisker plots.

data standard deviatiopetc.). Thesampling

designlargely drives if/how a statistically-
valid analysis can proceed, so effort must

be

placed on sampling design at the beginnir

\g.
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5.3.1 Analysis of Variance

An analysis of variance provides the best tooldtednine whether there is a difference
between features within any stratum of interestith\iactual-based knowledge of a difference,
necessary action can then be taken to yield mansistent level of performance. In effect, all
statistical computer software packages have rasitihat perform ANOVA. In Figure 5.1, an
ANOVA is conducted using STATGRAPHICS PLUS to compare average rut depth
progression for pavements falling into six age g0, 1, 2, 3, 4, 5 years ). The ANOVA
results are plotted as intervals around mean rpthd®r each level of age. The intervals are
based on least significant difference (LSD) procedurhey are constructed in such a way that if
two means are the same their intervals will ovefi&f of the time. The results suggest that the
different age groups exhibit different performaneeels.

—_ 117_

s ¥

S o7f

s L3

g i

= I

o I

S : X

g 57r

& I

S 37 a

3: 0 1 2 3 4 5
Pavement Surface Age (yrs)

Figure5.1 Meansand 95% L SD Intervalsfor Rut Depth Progression by Age

5.3.2 Comparison of Means

Comparison of means can allow a determinationeafrttean level of one data feature is
different than other features. In concept, thissimilar to ANOVA, however the level of
detection can be enhanced for split sample ancgariient sample t-tests. To ascertain whether
significant differences exist in performance betwddferent classes within a pavement system,
a comparison of means test can be applied. Thdéamsses on the sampling distribution of the
difference between sample means. According toridteelds and Weida (1978), the difference
in the population means can be tested by Equati&n 5
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Where:
t = the value of for the significance level and the degrees of freedan
v = (n + np—2); and
n and § = represent the respective size and varianceafopke i.

If the inequality in Equation 5.2 holds, then theans represented by the two samples
being compared may be considered equal with a lefetonfidence (1-n), otherwise the
hypothesis that the means are equal is rejectéd. suared-root term in Equation 5.2 represents
the standard error of the difference between tleerheans, or the pooled standard deviation. If
differences exist between the categorical datg sedecision can be made whether the data has
to be stratified by category and modeled separaielgombined and modeled together using

dummy variables to represent categories in the ativenodel developed using regression
methods.

In the following example, it is examined whethee ttutting progression of flexible
pavement surface Type 1 and Type 3 is the sametor Type 1 flexible pavements are placed
over a flexible base, while Type 3 is placed oveigal base. The basic statistics for the two
surface types are shown in Table 5.2 and the trésstits shown in Table 5.3. Based on the

results in Table 5.3, it can be concluded that gbegformance of the two surface types are
different.

Table5.2 Summary Statisticsfor Rutting Progression

Measure Type 1 Type 3
1) (2 3)
Count 1389 396
Average 7.24 5.24
Variance 21.3p 7.7
Standard deviati( 4.60 2.79
Minimum 1 1
Maximum 37 16
Range 31 1b
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Table5.3 Test of Meansfor Surface Type Rutting Progression

T-value for 2 2\ | Column | Are the means
OMeanrype, | Degrees of  95% ST .27 || (3)x | significantly
—Meanrype 41 | freedom, v| confidence m  np || Column different
andv = (4) based on
1783 Columns (1)
and (5)?
@ ) 3) ) (5) (6)
7.24-524 | 1389+ 1.97 0.187 0.37 Yes
=2.0 396-2=
1783

5.3.3 Looking for Trouble signs in Data

A potential problem in any data set is the preseoteutliers. An outlier is an
observation or measurement that is usually largenmall relative to other values in a data set.
Outliers typically are attributable to causes sash

a) The measurement is observed, recorded, areehnit&o the computer wrongly.

b) The measurement is correct, but represergeezerent.

c) The measurement comes from a different pojoulat

Each case is treated on an individual basis, with@propriate course of action dependent upon
the severity or error of the individual data point.

Identification of outliers is a useful tool for atiéeng the validity of dataA common
method used for outlier detection is the Z-scoprasented by Equation 5.3. It measures how
many standard deviations each observed value @sviaim a model fitted using all of the data
except that observation. Data values are clads#teoutliers when the Z-score is greater than 3
or less than —3 . Data values that fall in thesges can be reviewed for accuracy and a decision
can be made whether they belong in the data sebbr With the availability of statistical
software, such as STATGRAPHICS PLWSanalyses can easily be performed to assess the
validity of the data.

Where:
X; = data value i;

X = the sample mean; and
S=the sample standard deviation
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In the following example, outlier detection concepte illustrated using a combination
of basic plots and simple regression techniqugssic plots are created to visually examine the
nature of the relationship between the indicatopefformance and each individual potential
explanatory variable. By visual inspection of atpbne can deduce whether the relationship is
linear or nonlinear. The basic plot is often usedonjunction with simple regression techniques
to aid in the type of data transformation to be endkhe relationship between average rut depth
progression and rut depth immediately after corsitva is examined through the plot shown in
Figure 5.2. By inspection, the plot seems to ssgg®at rut depth progression increases in a
linear or exponential fashion with increasing rapth immediately after construction. The exact
relationship can be explored using simple regresgechniques, beginning with a linear
relationship and making a comparison of the limaadel with alternative models such as shown
in Table 5.4. The model comparison suggests tiatihear model is the best model based on
the R value. However, note that the transformed modelese having the regressor or
independent variables converted to a multiple opddynomial or mathematical function, have a
similar R value. At this point, the modeler will initiallselect one of the models; however, the
decision should not be based solely on thedtue. The simplicity of an untransformed model
has the distinct advantage of being more easigrpméted by a practitioner. Thus, both accuracy
and simplicity are important considerations in niagection.

To improve the selected exploratory linear modélable 5.4, it is necessary to check for
outliers by plotting the Z-scores (represented hes dtudentized residuals). In the example
shown in Figure 5.3, the studentized residualseangm 2.8 to 7.1 (in absolute terms). The
high-end indicates extreme outliers exist withie thata. By purging the data to eliminate all
outliers, a new studentized residual plot is shawFRigure 5.4 with corresponding comparison
of alternative models shown in Table 5.5. By efiating the outliers, the linear model Ralue
improved more than 4% as indicated in Table 5.5.
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Figure5.2 Basic Scatter Plot of Rut Progression after Initial Construction
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Table5.4 Candidate ModelsPrior to Accounting for Outliers

Model Correlation, coeff. R-Squared, Po

©) 2) 3)
Linear 0.4704 22.1
Square root-Y 0.4696 22.1
Square root-X 0.4513 20.4
Exponential 0.4375 19.1
Logarithmic-X 0.4183 17.5
Multiplicative 0.4162 17.3
S-curve -0.3397 11.5
Reciprocal-X -0.319 10.2
Double reciprocal 0.2896 8.4
Reciprocal-Y <no fit> <no fit>
Logistic <no fit> <no fit>
Log probit <no fit> <no fit>

S dentized residLal

_8 -_I PR S S N S PR I PR I T T | - IR S T S T I_-
4 6 8 10 12 14 16
Predicted Rut Progression (x 0.01 in.)

Figure 5.3 Studentized Residual Plot Prior to Accounting for Outliers.
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Figure5.4 Studentized Residual Plot After Accounting for Outliers.

Table5.5 Candidate Models after Accounting for Outliers

Model Correlation, coeff. R-Squared, Pb6
1) 2 3)
Linear 0.5132 26.3
Square root-Y 0.4947 24.5
Square root-X 0.492 24.2
Exponential 0.4553 20.7
Logarithmic-X 0.4509 20.3
Multiplicative 0.4283 18.3
S-curve -0.3479 12.1
Reciprocal-X -0.3443 11.8
Double reciprocal 0.2922 8.5
Reciprocal-Y <no fit> <no fit>
Logistic <no fit> <no fit>
Log probit <no fit> <no fit>
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5.3.4 Performance Modeling Using Regression

Once the previously described exploratory datayseal have been performed, multiple
linear regression (MLR) procedures can be usedddeirelationships between changes in key
variables. MLR models are the most fundamentahfof developing performance models, and
have been exclusively used to develop AASHTO pawerdesign equations (AASHTO 2001).
The basic equation for MLR models is shown in Eumeb.4.

Y = BO + Bl*x 1+ BZ*XZ + ...+ Bp_l*X p-1 +e....... (54)

Where,
Y = response variable (performance);
Bo = regression constant (intercept for linear regjoey;
B1, 2, p-1= variable constant (slope for linear regressiany
X1, 2, p-1= predictor variables (e.g. density, permeabititgffic, region, age.); and
e=random error component of the model

In the MLR model building, the main objectives are:
a) To hypothesize the form of the linear model.
b) Estimate the unknowprparameters.
c) Check whether the fitted model is useful fordicéng the response variable, Y.

5.3.5 Forms of Multiple Linear Regression Models

Model forms for MLR could be described as first-@rdsecond-order or quadratic, and
interaction model. Equation 5.4 depicts a firstasrtbrm. A practical example involving a first
order MLR is shown in Table 5.6, where averagedeyith progression is related to pavement
surface age, surface thickness, surface type, ahdlepth immediately after construction.
Further practical first-order examples that haverbesed to improve design procedures for
paved shoulders adjacent to PCC pavements caruhd fo a WHRP report by Owusu-Ababio
and Schmitt (2003).

Table5.6 SampleFirst-Order Model Form

MLR Model Form Adj. R?, % DF
1) (2) (3)
RUT_AVG= 3.08024 + 1.35802Zge+ 68.4144tRUT -0.31183H - 49.1 1506
1.63926Typ

RUT_AVG =Average rut depth (100ths of an inch)
Age =Pavement age in years

IRUT = Construction year RUT depth (inches)

h= Pavement surface thickness (inches)

STyp =flexible pavement type (1 = type 3, 0 = type 1)
DF = Degrees of Freedom to develop model
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An interaction model is one in which the relatioipshetween a response variable and an
independent variable, depends on another indepéendeiable held fixed. The form of an
interaction model is as given in Equation 5.5 oo guantitative variables pand X%.

Y =Bo+ B X1+ B X2+Bs* X* X+ e ... (5.5)

Where,
Y = response variable (performance);
B1 +BsX2 = change in Y for every unit increasexirholding X; fixed; and
B2 +BsX1 = change in Y for every unit increasexisholding X fixed.

The second order or quadratic model can be comsldespecial case of MLR where the
model includes two terms, each including a singldependent variable X. The form of this
model is given in Equation 5.6.

Y = Bo+Br*X + B*X%+e....... (5.6)
Technically, the quadratic model contains only ea€eable, X, but can be considered
linear in two independent variables with=X and % = X% The quadratic term (¥, enables

curvature to be hypothesized in the graph of tleparse model relating Y to X. A practical
example involving a quadratic model is shown inlédh7.

Table5.7 Second-Order Model Form

MLR Model Form Adj. R%, % DF
1) 2) 3
RUT_AVG= =4.08707 + 2.4145*AGE-0.236814*AGE"2 28.6 1784
RUT_AVG =Average rut depth (100ths of an inch)
Age =Pavement age in years
DF = Degrees of Freedom to develop model

5.3.6 Managing Qualitative Variables in Multiplenear Regression Modeling

Qualitative variables, such as pavement surface typgeographical region, cannot be
measured on a numerical scale. Hence, they have toded as values or levels before a model
can be fit. The coded qualitative variables arbedadummy variables since the numbers
assigned to the various levels are arbitrarilydete For a qualitative variable at two levels, a
value of 1 will be assigned to one of the leveld arvalue of O to the other. Earlier, Table 5.6
presented a model with two qualitative variableelsvior flexible pavement, where an indicator
of 1 is assigned to type 3 and 0 assigned to type 1

For models that involve qualitative independentialdes at more than two levels,
additional dummy variables must be created. In ggnthe number of dummy variables used to
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describe a qualitative variable will be one lesantithe number of levels of the qualitative
variable.

5.3.7 Testing Model Adequacy

Once a MLR model has been fit, it is necessaryeterthine whether the model is useful
for predicting the response variable (performandejommon way is to simultaneously conduct
a test of hypothesis involving all tlieparameters, except the constant tefg, The test is
defined in terms of the F statistic based on tHe(hlp) and alternative (K} hypotheses, shown
by Figure 5.5.

Ho; B]_= [32: ......... =[3k=0
Ha At least one of the parametefs, 32, ......... , Bk differs from zero.
Test statistic F=Mean Square for Model/Mean square for error

{7

Rejection regionF>F,

Where, n = Number of observations
k= number of parameters in the model (exclu@ny
R? = multiple coefficient of determination
a= significance level

Figureb5.5 Test for Model Adequacy

If the overall model is determined useful for patin using the F test, the modeler may
elect to conduct one or more t-tests on the indizi@-parameters. However, the test(s) should
be decided prior to fitting the model. Sincich (Bp®nakes the following suggestions regarding
t-tests for3 coefficients associated with interaction or higbeter models:

“For interaction and higher order models, t-tedtsutdd be conducted only on tie

coefficients associated with the interaction anghbr order terms; no t-tests should be

conducted for3 coefficients associated with first order termsha models. These terms
should be kept in the model regardless of the ntadeiof the p-values.”

5.3.8 Detecting and Managing Multicollinearity Regression Models

Multicollinearity occurs when two or more indepenti&ariables used in a regression
model are correlated with each other. High coti@éa among the independent variables
increase the likelihood of rounding errors in resgien coefficients and standard errors. Sincich
(1993) outlines some of the conditions that suggesticollinearity in a model, including:

a. Significant correlations between pairs of independariables in the model.

b. Nonsignificant t-tests for all (or nearly all) dfe individual coefficients when the
F-test for overall model adequacy is significant.

c. Opposite signs (from what is expected) in the estidah coefficients.
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Approaches to dealing with multicollinearity accmgito SAS (2005) include:
a. Exclude redundant independent variables.
b. Redefine independent variables.
c. Use biased regression techniques such as ridgessagn or principal component
regression.
d. Center the independent variables in polynomialesgjon models.

Biased estimations produced by ridge regressiomncomplete principal component
regression are alternatives to ordinary least sguastimation performed by most statistical
software packages. The basic idea behind ridgeessmpn is to reduce the variances of the
parameter estimates by applying a shrinkage paeamePrincipal component regression is
another biased regression technique. With prihcipemponent regression, the linear
combinations of independent variables are droppeth fthe model predictor variables. A
downfall of using the principal component regressis loss of simplicity and interpretation,
however, the model is statistically correct.

In the previous examples, a simple approach wo@dd drop one or more of the
correlated independent variables from the final ehodf none of the variables is dropped, avoid
making inferences about the individual coefficielbésed on the t statistic. Additionally, restrict
predicted values to values of the independent bksafalling within the range of the sample
data.

5.3.9 Residual Analysis

Residuals are the differences between the obseresgonse variable values and their
corresponding predicted values based on the MLRemodnalysis of the residuals can provide
information that can lead to modifications and ioy@ments in MLR models. The
modifications may be necessary if for example,tfuglel has been misspecified or the data used
to fit the model contain one or more unusual valoesliers).

To check whether a model has been misspecifiedptaop the residuals against each
independent variable may be needed. A curvilinesard detected in a plot, for example, implies
that a higher order term (e.g., quadratic term) tftat particular independent variable will
probably improve model adequacy.

For outlier detection, a plot of the residuals agathe predicted value is required. The
criterion for outlier detection was presented earli Prior to eliminating an outlier from the
analysis, it is necessary to conduct an investgatid determine its cause. If the outlier is the
result of a recording error, it has to be fixed@mnoved. Otherwise it is necessary to determine
how influential the outlier is before deciding whet to include or exclude it. If no outliers exist
but the plot exhibits a pattern, then an appropnariance-stabilizing transformation may be
considered for the response variable. For exanfeplot reveals that the range in values of the
residuals increases as the predicted values irethas consideration may be given to the use of
logarithmic transformation on the response variable
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5.4 FHWA Research Products

Currently, there is an on-going research studyHRE Project 9-22Beta Testing and
Validation of HMA PRSthat will develop software specifically createx develop pavement
performance models (NCHRP 2007). The objectivélGHRP 9-22 is to develop HMA PRS
software and validate it with QC/QA data from atfield pavement construction projects.

The alpha version of the HMA PRS includes two aggtion levels. Level | is based on
material and construction properties (e.g., aspbafitent; gradation; field-mixed, laboratory-
compacted volumetrics; in-place air voids; and rgigality) currently obtained by public
agencies for materials-and-method, end-result, @@QA types of specifications. Direct
regression equations relating these propertieatermpent performance (specifically, permanent
deformation and fatigue cracking) that were exbibiin the WesTrack experiment are the
primary basis for calculating pay factors in thevélel HMA PRS. The Level Il HMA PRS uses
a more sophisticated, mechanistic-empirical anslgdithe results of laboratory performance
tests, as well as the WesTrack property-performaptaionships, to determine pay factors.
Regardless of whether the Level | or Level Il parfance model is used, the HMA PRS
calculates pay factors by comparing the life-cyabst of the as-designed and as-built projects.
This method is a significant improvement over catigpecifications, as the HMA PRS provides
tools for objective calculation of equitable, catent pay factors.

At the time of this report, the NCHRP 9-22 researdm is working on PRS software
developed from the M-E Pavement Design Guide. NEHRpects the project to be completed
by the end of 2008. Project deliverables are egoeto advance the understanding of HMA
inputs and resulting performance.
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CHAPTER 6 CONCLUSIONSAND RECOMMENDATIONS

6.1 Conclusions

The primary purpose of this report was to develgai@mbase template, using the existing
Wisconsin DOT pavement management system, fromhmugerform pavement performance
analysis using design, construction, and performatata for hot-mix asphaltic pavements. A
second purpose was to investigate appropriate ncahesr statistical methods that have the
potential of quantifying and establishing relatioips between design, construction, and
performance data.

The literature review found that data types co#ldctor performance evaluation and
modeling vary from agency to agency depending @dsdut the most common ones include
inventory, condition, traffic volume, and maintenanand rehabilitation. A major barrier for
achieving full data integration is lack of commaferencing systems compounded by the use of
different data formats. Many agencies have usexa@hic Information System as an effective
tool to integrate data.

Several Wisconsin DOT databases applicable toopaence modeling for hot-mix
asphaltic pavements were reviewed for primary dategories including construction, design,
traffic, and performance. Semantic discrepanciest @mong databases that impede integration
were summarized, and an example relating the phlydaration of as-built construction
properties to the reference point system was pteden

A GIS-based data integration example was provigeag several WisDOT databases. A
loose coupling approach, involving the transfer daita files between the GIS and other
programs, was demonstrated using screen snapstoots & typical integration. Then, the
integrated data were prepared for export into tissitaal analysis package from the GIS and the
results imported back to the GIS for data visudlraor display.

Several statistical analysis methods to develaofopeance models were provided, along
with reference examples for ANOVA, comparison ofam& and regression models. Currently,
there is an on-going research study, NCHRP Pr&e2, Beta Testing and Validation of HMA
PRS that will develop software capable of developpayement performance models. It is
expected that the report and software will be cetegl by the end of 2008.
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6.2 Recommendations

From the findings and research in this study, thlewing recommendations are made:

1. Geographic Information System (GIS) is an eifectool for data integration among
various divisions within an organization.

2. Databases can be integrated using a looseinguggproach, involving the transfer of
data files between the GIS and other programs.n,Tihe integrated data can be prepared
for export into a statistical analysis package friii®d GIS and the results imported back
to the GIS for data visualization or display.

3. Further research is recommended to determmeppropriate assignment of as-built
construction data to a given reference point lecatir sequence number location on the
highway network.

4. With approximately 18 weather stations in tteges each containing about 10 years of
climatic data, it is recommended that an invesigatdetermine the appropriate
assignment of weather station data to specific ipave segments.

5. Begin to develop performance models for WisDOT gsapproaches provided in this
report. Examples were provided for HMA pavemeritimg, however, numerous other
performance measures can be modeled as well.

6. Monitor developments in NCHRP Project 9-B2ta Testing and Validation of HMA

PRS that will develop software capable of developpayement performance models —
expected date December 2008.
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